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Abstract  
 
Microzooplankton consume a significant fraction of phytoplankton and 
bacterioplankton production, remineralising macronutrients and providing a major 
trophic link to larger protozoan and metazoan consumers. Trace elements are 
essential for the growth of phytoplankton and bacteria and play a pivotal role in 
regulating primary productivity and microbial diversity in many areas of the ocean. To 
quantify the role of microzooplankton grazing in trace element biogeochemistry, we 
modified the dilution method to provide the first ever simultaneous measurements of 
microzooplankton grazing impacts on bacterioplankton and phytoplankton, and size 
fractionated biogenic particulate trace elements. In the Arctic Ocean we found 
microzooplankton obtained the majority of their nutrition (0.48 – 1.68 µg C L-1 d-1) 
from nanophytoplankton, on which they exerted a strong top down control (15 – 122% 
standing stock ingested). We subsequently applied our method in the North Atlantic 
Ocean. Microzooplankton grazing consumed a significant proportion of bacteria (97 – 
165%) and particulate trace element standing stocks (0.4 fM d-1 – 5 pM d-1), thus 
playing a significant role in the flow of carbon and trace elements. Our results suggest 
the rate and quantity at which microzooplankton grazing mediates trace element 
biogeochemistry depends strongly on the structure and function of microbial 
assemblages. Iron enrichment assays supported the hypothesis that the high latitude 
North Atlantic is seasonally iron limited. Importantly, microzooplankton grazing had a 
significant effect in cropping expected iron stimulated biomass. Serendipitously we 
conducted assays in an area of ocean influenced by volcanic ash deposition from 
Eyjafjallajökull’s eruption. Our data are the first to quantify microzooplankton grazing 
in such an environment and revealed deposition of volcanic ash had significant short 
term local effects upon microbial ecology and carbon cycling. Results were analogous 
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to iron enrichment assays and comparable to data from mesoscale iron enrichment 
experiments. Assays in a coastal environment showed microzooplankton played an 
important role in the control of bacterioplankton and cycling of carbon through the 
microbial food web. At all locations, ingestion rates of biogenic particulate trace 
elements suggest microzooplankton grazing has the potential to reduce the pressure 
of trace element deplete conditions at the microbial level by increasing residence 
times in the upper ocean through remineralisation. Our results provide important new 
parameterizations of trace element cycling that until now had been hypothesised but 
not observed. These data will allow us to better constrain biogeochemical models and 
those predicting the Ocean’s response to climate change and geoengineering. 
Likewise, the temporal and spatial nature of our data may allow the elucidation of 
inherent interannual and annual variability to enduring change at our study locations. 
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1. Introduction  
 
Earth’s global ocean is the largest surface ocean in our solar system. Its 
beginnings in the Hadean period marked the point of origin for the emergence of life. 
Covering approximately 70% of our planet, it is integral to all life, dominates the C 
cycle (Raven & Falkowski, 1999) and drives climate and weather patterns (Zhang, 
Delworth, & Held, 2007). The aim of this introduction is to provide background 
information about trace elements, microbial ecology and microzooplankton grazing, 
to place the current study in a historical context.  
 
1.1. Bioactive trace elements 
 
In the reducing and sulfidic oceans of the Archean era elements such as Fe, 
Mn, Zn, Cu, Ni and Co were soluble in relatively high concentrations (Saito, Sigman, & 
Morel, 2003). As unicellular photoautotrophic life developed in this primordial ocean, 
the most abundant surrounding elements were recruited for many essential 
biochemical processes such as photosynthesis (de Baar & La Roche, 2003). Generally, 
photosynthesis is represented by the following simplified equation: 
 
6CO2 + 6H2O 	  6O2 + C6H12O6                                                             (1) 
 
A variety of photosynthetic pigments exist. However, chlorophyll a is the 
ubiquitous chlorophyll pigment. Besides light, CO2 and H2O, these photosynthetic 
organisms need the major nutrients N, P, and Si for the siliceous frustules of diatoms. 
During growth at maximum rates in replete conditions, overall assimilation of these 
elements can be represented in a uniform stoichiometric ratio (Redfield, 1963) of:  
16 
 
 
C : N : P = 108 : 16 : 1                                                (2) 
 
Gradually, the oxygenic reactions of photoautotroph’s (Equation 1) shifted the 
oceans chemically from a reducing environment to that of an oxidising one (Saltzman 
et al., 2011). Eventually O2 took over both ocean and atmosphere (Canfield, 1998). 
However, inside every cell, the primordial reducing conditions incorporating Fe, Mn, 
Cu, Zn, Ni and Co metalloenzymes and reaction systems remained (Quigg, Irwin, & 
Finkel, 2010). The majority of transition elements, once abundant in the reducing 
oceans, were gradually depleted as a result of precipitation into oxyhydroxide and 
sulphide formations (Anbar & Knoll, 2002). 
 
Despite the redox state of the modern oceans, photosynthetic organisms are 
still successful competitors. Through photosynthesis they dominate primary 
production and C cycling therein (Field, Behrenfeld, Randerson, & Falkowski, 1998). 
Surprisingly, it appears their vestigial trace element requirements do not seem to 
hinder a portion of these modern descendants as much as would be expected. 
Uniformly low (fM – nM) trace element surface ocean concentrations seem to be 
mitigated, not by alterations in biochemistry, but by metal ligand production and 
utilization (Croot, Moffett, & Brand, 2000; Ellwood & Van den Berg, 2000; Maldonado 
& Price, 1999; Saito, Moffett, Chisholm, & Waterbury, 2002).   
 
Inside eukaryotic microorganisms, trace elements are essential for electron 
transport chains within thylakoid reactions and as cofactors in enzymes responsible 
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for removing reactive oxygen species (Raven, Evans, & Korb, 1999). Iron is 
quantitatively the most important element within photo system I, cytochrome b6f, 
photo system II and ferredoxin (Hankamer, Barber, & Boekema, 1997). Commonly, 
upwards of 94% of total cellular Fe supports respiratory activity (Tortell, Maldonado, 
Granger, & Price, 1999). Manganese is quantitatively second to Fe, in the thylakoids 
and is essential in photo system II for O2 evolution. Copper occurs in plastocyanin and 
also has a role in the thylakoid lumen facilitating H2O dehydrogenation and O2 
evolution (Merchant & Dreyfuss, 1998). Copper, Fe, Mn, Cd and Zn are all included in 
superoxide dismutase enzymes, detoxifying harmful superoxides to H2O2 then O2 and 
finally H2O (Asada, 1992). Diatom and coccolithophore cultures have been used to 
demonstrate that Zn, Co, and Cd can replace each other for metabolic use depending 
on the prevailing geochemical conditions (Sunda & Huntsman, 1995a). Zinc, Cd and Co 
may all be involved in carbonic anhydrase and/or other hydrolytic enzymes (Lane & 
Morel, 2000; Wilhelm & Trick, 1995).   
 
Cellular concentrations are maintained at reasonably similar proportions 
across widely different taxa. As such, an extension (Equation 3) of the Redfield ratio 
(Equation 2) has been proposed to include Fe, Mn, Zn, Cu, Co and Cd (Ho et al., 2003):  
 
(C108N16P1)x1000 Fe8Mn4Zn0.8Cu 0.4Co0.2Cd0.2                               (3) 
 
Bacteria and protists also have a similar requirement for trace elements which 
are often found in enzymes as cofactors or other essential structural molecules 
(Liermann, Hausrath, Anbar, & Brantley, 2007; Twining et al., 2003). Whereas at high 
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concentrations, microorganisms can also experience toxicity from trace elements such 
as Pb (Wright, 2002). Through mining and industrial use of transition elements, land 
use changes and irrigation, mankind has greatly modified concentrations of trace 
elements in the biosphere (Jickells, 1995). To some extent, external stress can be 
mitigated by microorganisms through cellular homeostasis. However, at highly 
elevated levels or excessive ratios, species cannot exist and major shifts in ecosystems 
and their diversity occur. It seems likely such changes have already taken place over 
centuries, and as such have largely gone unnoticed (de Baar & La Roche, 2003). For 
instance, even a few pM of unchelated Cu can be extremely toxic to various species 
(Anderson & Morel, 1978). Apart from Cd, second and third row transition elements 
appear to have no biological function as yet, and are toxic at elevated concentrations.  
 
1.2. Microbial ecology  
 
Oceanic food webs detailing the trophic structure of organisms being eaten by 
successively larger organisms has been understood for hundreds of years (Figure 1) 
(Heyden, 1557). Despite this, scientific studies into pelagic food webs began only 
approximately 150 years ago (E. Sherr & Sherr, 2008). 
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Figure 1. “Big Fish Eat Little Fish”. The boat man’s gesturing to his son is translated, "Look son, I have long 
known that the big fish eat the small" (Heyden, 1553). 
 
During the first half of the 20th century awareness of the existence of bacteria 
in the oceans began. By the 1930s, clinical microbiological methods were being applied 
to marine microbes (e.g. nutrient agar plating) with difficulty and varying success, as 
only 0.1% of observable bacteria are cultivable (Ferguson, Buckley, & Palumbo, 1984). 
By the 1950s, marine microbial ecology was beginning to emerge as a little known 
field, comprising mainly of speculative results, due to the lack of methods for 
accurately assessing microbial abundance and in situ activity (Waksman, 1934). The 
1970s brought about the development of techniques such as epifluorescence 
microscopy (D. E. Francisco, Mah, & Rabin, 1973) and radiolabelling of amino acids and 
nucleotides (Hobbie, Crawford, & Webb, 1968), in combination with advances in 
protozoology (Fenchel, 1969). Thereafter, growing data sets contained accurately 
enumerated bacterial cells via epifluorescence microscopy, correcting the ‘great plate 
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count anomaly’ (Staley & Konopka, 1985). Specific rates of protist bactivory and 
herbivory were also reported using modified epifluorescence methods (P. G. Davis & 
Sieburth, 1982). Bacteria were found to be everywhere in the ocean. The distribution 
of bacteria, even today is not well studied, broadly abundances ranges approximately 
107 cells mL-1 in estuaries, 106 cells mL-1 in coastal zones and 105 cells mL-1 in the open 
Ocean (Ducklow, 1983; Hobbie et al., 1972). Also, quantifiable rates of bacterial 
biomass production were increasingly reported using ingested radiolabelled substrate 
(amino acids, thymidine) methods (Hobbie, et al., 1968).   
 
Subsequently, a new paradigm of the pelagic food web emerged. Discoveries 
led us to believe that the classical textbook description of a food chain from diatoms, 
through zooplankton to fish may in fact only represent a small part of the flow of 
energy and elements within the Oceans. Consequently, Pomeroy (1974) described a 
pivotal new concept in which there appeared to be microbial pathways (small 
phytoplankton, bacteria and protist grazers) through which a major part of the 
available energy and elements were flowing. As research momentum gained 
throughout the 1980s, emerging information about the importance of microbes to the 
flow of energy and elements within marine ecosystems led to the development of a 
conceptual model called the ‘microbial loop’, where heterotrophic bacteria consume 
dissolved organic matter (Ducklow, 1983). Further discoveries, such as cyanobacteria 
and small herbivorous protists (E. Sherr & Sherr, 1988), were subsequently introduced 
to the microbial loop. The resulting model comprised of the microbial loop embedded 
in an overall microbial food web coupled with higher trophic levels. Here, multicellular 
components of pelagic food webs are supported by both classical 
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phytoplankton/zooplankton and bacterial/protist relationship components. Figure 2 
shows an updated representation of the modern microbial food web.   
 
 
 
Figure 2. Diagrammatic representation of the current understanding of trophic interactions within the 
microbial food web. Solid arrows represent trophic pathways and dotted arrows represent regenerative 
C pathways.  Based upon Sherr and Sherr (2008), updates include: relabeling ‘ciliates’ as ‘herbivorous 
protists’ to include ciliates and dinoflagellates, and the inclusion of viral shunt between bacterioplankton 
and dissolved organic matter/particulate organic matter (DOM/POM). Yellow box signifies 
microzooplankton.   
 
 
 
During the 1990s, simultaneous lines of interest were developing regarding; 
anthropogenic emissions of CO2; global climate change; oceanic C cycling and 
geoengineering. With increasing international interest, 1988 saw the creation of the 
International Panel on Climate Change (IPCC), with its first assessment report in 1990 
unveiling the importance of climate change as global problem (IPCC, 2010). 
Concurrently, the role of phytoplankton in the global C cycle and in controlling 
atmospheric CO2 was being realised. Focusing on C cycling, the complex collective 
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property of the microbial loop, coupled with higher trophic levels, was named the 
‘biological pump’ (Figure 3). Herein, a fraction of C fixed in the upper ocean by 
photosynthesis is exported to the ocean interior. The net result is CO2 transport from 
atmosphere to deep ocean, where it can be sequestered for roughly 103 years 
(Chisholm, 2000).  
 
Understanding what controls the efficiency and rate of the biological pump 
are topics of central interest to oceanographers and climate scientists alike. For 
instance, an increase in phytoplankton growth rates would thereby draw more CO2 
out of the atmosphere - an attractive proposition for climate mitigation. As such, 
stimulation of phytoplankton by oceanic Fe fertilisation is currently discussed as a 
potential measure to mitigate climate (Strong, Cullen, & Chisholm, 2009). However, 
besides the potential positives of C sequestration, attempts of stimulating the 
biological pump may also cause adverse and unintended side effects.  Direct effects 
may include production of toxic blooms and subsurface anoxia (Sarmiento & Orr, 
1991; Trick et al., 2010). Whilst indirect effects could furthermore lead to increased 
N2O and CH4 production or other physical chemical parameters such as ocean 
acidification (Law, 2008).    
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Figure 3. The biological pump. Phytoplankton fix CO2, which forms the base of the food web. As this passes 
through consumers most is respired back to CO2, however some is exported to the deep ocean and 
remineralised back to CO2 by bacteria. The net result is a transfer of C from atmosphere to deep ocean 
(Chisholm, 2000).  
 
     
As a biological system, the structure and abundance of species within the 
biological pump influence the strength at which the pump functions. This structure is 
largely dictated through a combination of 3 different controls, discussed in turn: (1) 
bottom up control of growth or population size by resource availability, such as 
macronutrients or trace elements; (2) sideways control of growth or population size 
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by competition for resources; and (3) top down control of population size by mortality, 
such as predation. 
 
(1) In principle, any nutrient or energy source that is below optimum may be 
increased to relieve bottom up control on a population. For instance if Fe 
concentrations are below what is required for photosynthesis, phytoplankton will not 
grow. From the 1990s this ecological theory has since become the centre piece of a 
hypothesis that dawned a new age in Oceanography, one which closely coupled 
microbial ecology and bioactive trace elements – the Iron Age (Coale & Hein de Baar, 
2011).  
     
Phytoplankton biomass is usually correlated to concentrations of N, P and Si. 
In over 10% of the world’s oceans, however, supplies far exceed demand. These 
regions have been termed High Nutrient Low Chlorophyll (HNLC) ecosystems, which 
are characterised by low phytoplankton biomass (Tyrrell et al., 2005), suggesting that 
some other resource is limiting growth of phytoplankton. Exceptionally low Fe 
concentrations (< 1 nM) have been attributed to this phenomenon (J. H. Martin, 
Gordon, & Fitzwater, 1991). This is not surprising considering the high obligate Fe 
requirement for biochemical processes discussed in Section 1.1. Historical records of 
atmospheric CO2 and Fe dust deposition from the Vostok ice core provide evidence 
that atmospheric Fe inputs were fifty times higher during the last glacial maximum 
(Barnola, Raynaud, Korotkevich, & Lorius, 1987). Due to this enrichment, it is thought 
that excess N and P fuelled phytoplankton growth, the biological pump was stronger, 
and more CO2 was drawn down from the atmosphere into the ocean, resulting in 
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atmospheric CO2 levels of less than 200 ppm during glacial periods (J. H. Martin, 1990), 
compared to current 2013 concentrations of 398 ppm (Tans, 2012).   
 
Shipboard experiments displayed compelling, but, equivocal evidence of Fe 
limitation for phytoplankton due to bottle effects not accurately mimicking in situ 
conditions (J. H. Martin, et al., 1991). With cautionary observations in mind, a strong 
leap from bottle experiments to ecosystem scale manipulations on the scale of 100 
km2 proceeded in the open ocean during the 90’s (Chisholm & Morel, 1991). These 
mesoscale Fe addition experiments offered the best approach to investigate the role 
of Fe in primary productivity, C cycling and geoengineering (Boyd et al., 2007; Strong, 
et al., 2009; Thiele, Fuchs, Ramaiah, & Amann, 2012).  
 
Interestingly, most large scale, in situ Fe additions have resulted in increased 
chlorophyll a and primary production, leading to drawdown of surface water CO2 and 
macronutrients, but were not able to conclusively show evidence for C sequestration 
into the deep ocean over the observation period, required for atmospheric CO2 
reduction for feasible geoengineering (Abraham et al., 2000; Boyd et al., 2000; 
Chisholm, 2000; Coale et al., 1996). However, when Watson et al., (2000) modelled 
mesoscale Fe enrichment data from Boyd et al., (2000) and forced the model with 
atmospheric Fe derived from the Vostok ice core, experimental results matched 
closely that of historical data through glacial – interglacial CO2 fluctuations (Broecker 
& Henderson, 1998; Watson, et al., 2000).  
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Expectedly, there is now mounting concern that chemically fertilising the 
ocean with a view to change the microbial ecology within may have many unintended 
and unforeseen consequences as mentioned earlier. In addition to concerns about the 
effects of Fe fertilisation on ecosystems, vigorous debate has continued regarding the 
interplay between bottom up control by Fe limitation and top down control by grazing, 
causing HNLC region ecosystems (de Baar et al., 2005). HNLC regions have also been 
attributed to other factors, including co-limitation from Cu (Peers, Quesnel, & Price, 
2005), Mn (Peers & Price, 2004), and light (Nelson & Smith, 1991); viral lysis (Breitbart, 
2012); and top down predation (Banse, 1990; Frost, 1991; Prowe, Pahlow, Dutkiewicz, 
Follows, & Oschlies, 2012).   
 
(2) Regarding the sideways controls of microbial populations, most 
information focuses on spatial variation in microscale patterns or taxa specific 
interactions, which have been informed from culture work. Bacterial predation of 
other bacteria is known to occur in some microrganisms (Yair, Yaacov, Susan, & 
Jurkevitch, 2003). Other bacteria have an algicidal lifestyle, through which antagonistic 
chemical interactions kill and lyse phytoplankton, resulting in DOM for nutrition 
(Mayali & Azam, 2004). Recent laboratory experiments have revealed the potential for 
Vibrio species to secrete antiprotozoal factors that may prevent grazing losses (Erken, 
Weitere, Kjelleberg, & McDougald, 2011). There may also be positive interactions 
between microorganisms, such as the production of ligands, some of which are 
capable of being taken up other species (Kondo et al., 2013; Maldonado & Price, 1999). 
There is also the possibility of coordination within communities for antipredator 
defences (B. K. Hammer & Bassler, 2003; Turovskiy, Kashtanov, Paskhover, & 
Chikindas, 2007).   
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(3) Top down control is a powerful factor in shaping both biomass and 
community composition. Over the last 15 years it has been established that 
microzooplankton (20 – 200 µm protists) are the main predatory pressure on 
phytoplankton, consuming 60% - 70% of primary production on average across many 
ocean regions (Calbet & Landry, 2004). In comparison, mesozooplankton, such as 
copepods, consume only 10% - 40% of primary production (Calbet, 2001). By virtue of 
their small size, microzooplankton have disproportionately high rates of growth, 
metabolism and feeding. They derive considerable advantage over larger, 
metabolically slower metazoans in their ability to rapidly respond to and exploit 
changes in prey availability (Miller, Penry, & Glibert, 1995). Microzooplankton grazing 
can have strong influences on the structure and function of the microbial web and 
therefore the biological pump. As such, the importance of microzooplankton to upper 
ocean biogeochemistry is discussed further in Section 1.5.   
 
Virally induced cell lysis has received mounting attention over the last ten 
years. Initially, the study of viruses suffered problems similar to the bacterial great 
plate anomaly (Rohwer & Thurber, 2009). Subsequently, a time consuming process of 
ultracentrifugation and transmission electron microscopy showed there to be 
approximately 107 virus like particles per millilitre (Bergh, Borsheim, Bratbak, & Heldal, 
1989). Currently, developments in epifluorescence, nucleic staining and flow 
cytometry techniques have provided a reliable quantification of standing stocks. 
(Hennes & Suttle, 1995; Marie, Brussaard, Thyrhaug, Bratbak, & Vaulot, 1999; Noble 
& Fuhrman, 1998; Wommack & Colwell, 2000). Recent application of next generation 
sequencing has made it feasible to now not only study viral genomics but also entire 
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transcriptomes of marine viromes (Angly et al., 2006; Marguerat, Wilhelm, & Bahler, 
2008). Often, viral abundance steadily decreases to 104 viruses per mililitre from the 
thermocline to abyss (Magagnini, Corinaldesi, Monticelli, De Domenico, & Danovaro, 
2007). 
    
A review of the literature reveals a number of reoccurring observations on 
viral lysis. (1) Viral induced bacterial mortality has received the most focus and appears 
to be highly variable, temporally and spatially. From a negligible effect in some areas 
(Waterbury & Valois, 1993), to occasionally accounting for 10% – 60% of total 
mortality in eutrophic or low oxygen waters (Pedros-Alio, Calderon-Paz, & Gasol, 2000; 
Steward, Smith, & Azam, 1996; Tijdens, van de Waal, Slovackova, Hoogveld, & Gons, 
2008; Weinbauer & Hofle, 1998). (2) Phytoplankton viral mortality studies have mainly 
focused on species specific hosts (Evans, Archer, Jacquet, & Wilson, 2003; Suttle & 
Chan, 1994) where infection can lead to 2% – 10% of the species lysing per day (Cottrell 
& Suttle, 1995). It has been proposed that viral losses affect species composition more 
than the total abundance of chlorophyll a (Waterbury & Valois, 1993). (3) Considering 
the reliance of viral infection on host density it is no surprise the largest accounts of 
net infection mortality (50% – 100%) have been observed during algal blooms 
(Bratbak, Egge, & Heldal, 1993; Brussaard, Kempers, Kop, Riegman, & Heldal, 1996; 
Jacobsen, Bratbak, & Heldal, 1996).               
 
In microbial communities, the importance of viral induced mortality in 
combination with other loss factors such as microzooplankton grazing is less clear, due 
to the lack of appropriate methods (Baudoux, Noordeloos, Veldhuis, & Brussaard, 
2006). In brief, the dilution method estimates both specific growth rates and 
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microzooplankton grazing losses of prey within a series of containers in which 
seawater is diluted with particle free water from the same location (Landry & Hassett, 
1982). Studies have adapted the dilution method to estimate both microzooplankton 
grazing and viral lysis loss rates through the inclusion of an additional 10 kDa filtered, 
viral free dilution series. However, the method does not appear to be sensitive enough 
to detect significant viral mortality rates among a heterogeneous phytoplankton 
community (Evans, et al., 2003; Kimmance, Wilson, & Archer, 2007; Staniewski, Short, 
& Short, 2012). It appears that viral losses of distinct populations within a community 
can only be elucidated alongside total community losses by using taxon-specific 
quantitative polymerase chain reaction assays (Staniewski, et al., 2012; Thingstad, 
2000).  
 
1.3. Significance of microzooplankton grazing  
 
Microzooplankton are ubiquitous and abundant in all oceans of the world, and 
exert effects apparent at an ecosystem level (E. B. Sherr, Sherr, & Fessenden, 1997). 
Microzooplankton predation is usually on smaller size particles (0.2 – 10 µm) that are 
not effectively utilised by metazoan consumers and as such microzooplankton create 
an important link between the considerable microbial production and higher 
consumers (B. F. Sherr, Sherr, & Mcdaniel, 1992; E. B. Sherr & Sherr, 1994). 
Microzooplankton ingestion rates are intimately linked to rates and patterns of 
primary production (Calbet & Landry, 2004), thus microzooplankton grazing influences 
elemental flow between pools, through trophic levels, and ultimately the CO2 
exchange between atmosphere and ocean (Rivkin, Putland, Anderson, & Deibel, 
1999).  
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Microzooplankton display diverse morphologies, motility and feeding strategies and 
can be divided into 3 broad divisions based upon these features: amoeboids, 
flagellates and ciliates.  Amoeboids are commonly 10 – 20 µm naked bacterivores  
(Rogerson, Anderson, & Vogel, 2003) and appear to be important consumers of 
attached bacteria on floc particles due to their flexible shape and temporary 
pseudopods (Rogerson, et al., 2003). The consumption of bacteria on flocs is important 
as bacteria attached to sinking particles can depredate 50% - 90% of particulate C into 
dissolved organic C (Smith, Simon, Alldredge, & Azam, 1992; Turley, 1993; Turley & 
Mackie, 1995). Little other ecological information for naked amoeboids exists due to 
the difficulty in their collection and quantification. Other amoeboids include 
foraminifer, covered in calcareous tests (Archibald, Longet, Pawlowski, & Keeling, 
2003); heliozoans, with centrally radiating axopods (Nikolaev et al., 2004); and 
radiolarians, with a central capsule supporting radial siliceous spines (Polet, Berney, 
Fahrni, & Pawlowski, 2004). These groups all appear to be capable of phagotrophic 
nutrition, which can  even take place in the form of supplemental grazing for N and P 
whilst C is being fixed photosynthetically in some mixatrophs (Caron, Porter, & 
Sanders, 1990).  
 
Flagellates are an extremely diverse group of spherical protists, with 1 or 2 
flagella for propulsion and feeding current creation. They range in size from 2 - 200 
µm and are a major source of mortality for both heterotrophic and autotrophic 
bacteria (Laybourn-Parry, Bell, & Roberts, 2000). Alongside ciliates, they also compete 
with herbivorous mesozooplankton for larger phytoplankton (E. B. Sherr & Sherr, 
2002). Heterotrophic nanoflagellates (HNF), between 2- 5 µm in size dominate the 
assembly of bacterivorous flagellates and can survive exclusively on a bacterial diet 
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(Calbet, Landry, & Nunnery, 2001; Unrein, Massana, Alonso-Saez, & Gasol, 2007). HNF 
can account for approximately 20% of the microzooplankton cell count throughout the 
oceans. Due to their size and lack of morphological features, identification relies on 
the use of molecular approaches (Massana et al., 2004).   
 
Due to their size, dinoflagellates dominate the biomass of most 
microzooplankton communities, from the Sub-Arctic to the Southern Ocean (Gifford, 
1991; Leakey, Leadbeater, Mitchell, McCready, & Murray, 2002; Vors et al., 1995). 
Many are armoured with theca, composed of cellulosic plates (Saldarriaga, Taylor, 
Cavalier-Smith, Menden-Deuer, & Keeling, 2004). Most dinoflagellate species rely 
upon ingestion of particulate material. There are also 40 known mixotrophic species, 
some of which acquire their chloroplasts from ingested phytoplankton (Fields & 
Rhodes, 1991; Jacobson & Anderson, 1996). Dinoflagellates are voracious predators, 
mostly of phytoplankton, but also bacteria, and occasionally other protists and the 
eggs and naupliar of larger zooplankton (Jeong, 1999; E. B. Sherr & Sherr, 2007). 
Grazing on cells in the range of 400 µm in length would normally be impossible for an 
organism a third of the prey’s size and whose size is constrained by thecal plates, if it 
were not for the evolution of several different feeding mechanisms, including 
engulfment, pallium and peduncle feeding (Gaines & Taylor, 1984; Hansen & Calado, 
1999; Schnepf & Elbrächter, 1992). 
 
Dinoflagellates have been reported to directly engulf diatoms, cyanobacteria 
and ciliates (Bockstahler & Coats, 1993). Other species use a peduncle (Figure 4) to 
suck out the contents of their prey into a food vacuole, with some species having 
appendages long enough (~100 µm) to reach through the spines of Chaetoceratis 
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(Schnepf, Meier, & Drebes, 1988). However, other dinoflagellates have displayed 
histophagous behaviour, sucking out fluid contents through holes (or wounds) on the 
surface of injured organisms (ciliates, nematodes and rotifers) (Calado & Moestrup, 
1997; Spero, 1982). Pallium feeding allows dinoflagellates to prey on organisms much 
larger than themselves even in the presence of spines or protrusions. This 
morphologically plastic structure, originally known as a feeding veil, emerges from the 
ventral cell side and spreads over the prey (Figure 5). Prey cellular contents are 
liquefied and taken up, leaving behind an empty cellular structure. 
 
 
 
Figure 4. Dinoflagellate peduncle feeding upon a 
larger prey item to the right. Scale bar is 50 µm 
(Hansen & Calado, 1999). 
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Figure 5. Dinoflagellates pallium feeding on chain forming diatoms many times their size (a) below and 
(b) to the left. Width of photo is approximately 200 µm (Calbet, 2013). 
 
Ciliates are generally 20 – 200 µm in length and feed by phagotrophy on a 
variety of smaller organisms from bacteria to phytoplankton and other protists 
(Jonsson, 1986). Many ciliates are capable of retaining the functioning chloroplasts of 
ingested prey and using them as an additional C source (Stoecker, Michaels, & Davis, 
1987). Along with dinoflagellates, ciliates are a major source of mortality for bacteria 
and phytoplankton (E. B. Sherr & Sherr, 2002). Ciliates frequently comprise more than 
50% of total microzooplankton biomass.  
 
34 
 
Previous studies have reported the selective feeding of microzooplankton on 
specific taxa, including the preferential grazing of larger, motile, actively growing cells  
(delGiorgio et al., 1996; Gonzalez, Sherr, & Sherr, 1990; Gonzalez, E. B. Sherr, & B. F. 
Sherr, 1993), through sensing of prey geometry and contact chemoreception (Verity, 
1991a). Hence, microzooplankton grazing can also significantly alter the structure and 
phylogenetic composition of bacterial and phytoplankton communities (van Hannen, 
Veninga, Bloem, Gons, & Laanbroek, 1999; Verity, 1991b). 
 
1.4. Quantifying microzooplankton grazing 
 
With microzooplankton grazing such an important process in the world’s 
oceans, a wide array of methodologies have been developed to quantify these rates. 
Quantifying microzooplankton grazing is essential to fully understanding microbial 
dynamics and the trophic transfer of elements. Typically, measurements are either 
inferred at the level of an individual organism or at that of the bulk assemblage. 
Indirect methods include applying laboratory or model derived values to in situ 
predator and prey abundances (Dolan & Marrasé, 1995; Sanders, 1987) or chlorophyll 
a degradation budgets (Landry, 1994; Welschmeyer & Lorenzen, 1985); and in vitro 
assaying of digestive enzymes (Gonzalez, B. F. Sherr, & E. B. Sherr, 1993). However, 
these methods are limited by various underlying assumptions, pheopigment 
behaviour and laborious calibrations, respectively (Landry, 1994).  
 
Per capita microzooplankton grazing rates have been calculated with the use 
of natural or inert labelled surrogate prey cells (A. Hammer, Gruttner, & Schumann, 
2001; Nygaard, Borsheim, & Thingstad, 1988; Rublee & Gallegos, 1989). Grazing 
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estimates are often low and are explained by a number of factors related to the 
discrimination of inert particles, including the lack of motility, changes in cell surface 
properties and the egestion of predator food vacuoles upon fixation with aldehydes 
(Sieracki, Haas, Caron, & Lessard, 1987). In response to this, others have used live cells 
with distinctive characteristics (morphology or pigments) in place of inert surrogate 
prey (Nagata, 1988). Radioisotopes have been employed to discriminate between 
grazing on autotrophic and heterotrophic prey grazing using 14C-bicarbonate, 3H-
thymidine, 14C-glucose or 14C-amino acids (Neuer & Cowles, 1995), however, the use 
of these methods is restricted by the laborious cell sorting required prior to isotope 
addition, and issues regarding isotope incorporation and cycling within assays (Caron, 
1993; Salo, Simo, Vila-Costa, & Calbet, 2009; Zubkov, Sleigh, & Burkill, 1998).   
 
Other direct methods to quantify microzooplankton grazing on bacteria and 
phytoplankton include size fractionation (Kivi & Setala, 1995; Li, 1990), use of 
metabolic inhibitors (Caron, Lim, Miceli, Waterbury, & Valois, 1991; G. T. Taylor & 
Pace, 1987) and dilution of natural assemblages (Landry, 1993). In some cases, these 
methods have been combined with other previously mentioned techniques. Dilution 
is the most common method used to measure grazing by the bulk in situ 
microzooplankton assemblage. The advantage of this method is its simplicity, minimal 
negative effects on organisms (as opposed to concentration or size fractionation), and 
ability to simultaneously measure growth and losses of multiple prey items (Dolan, 
Gallegos, & Moigis, 2000b; Landry & Hassett, 1982). Dilution of seawater reduces the 
encounter rate between predator and prey. A series of progressive dilutions are 
created using particle free seawater (< 0.2 µm) from the same source and the response 
of prey items is monitored over 24 – 48 hours (Landry, 1993). The analytical framework 
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uses differences in measured growth rates at different dilution levels to uncouple 
average growth and loss rates over a defined incubation period. Hence, the specific 
growth rate of a prey item is calculated as the growth rate extrapolated to 100% 
dilution. The rate of microzooplankton grazing is calculated from the negative slope of 
regression between apparent growth rates and dilution factor (Rivkin, et al., 1999).   
 
Prey items commonly include phytoplankton, bacteria, Prochlorococcus and 
Synechococcus (Worden & Binder, 2003). Additional prey, such as coccolithophores 
and algal dimethyl sulfide, have also been studied with success (Nejstgaard, Gismervik, 
& Solberg, 1997; Wolfe, Levasseur, Cantin, & Michaud, 2000). This variety of prey 
items is made possible providing they meet three methodological assumptions: 
 
1. Prey item growth is not directly limited by the presence or absence of other 
prey items or nutrients. 
2. The probability of a prey item being consumed is a direct function of the rate 
of encounter of predator with prey.  
3. Prey item growth is exponential.  
     
Little sample manipulation is required besides dilution. Given its simplicity, it is not 
surprising that this method has become popular and has widely been adopted as a 
standard protocol for microzooplankton grazing assessment (Knap, Michaels, Close, 
Ducklow, & Dickson, 1996). Further analytical improvements in high performance 
liquid chromatography measurements for taxon specific pigments (Latasa, Landry, 
Schluter, & Bidigare, 1997) and flow cytometry (Rutten, Sandee, & Hofman, 2005), 
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have provided very specific rates of taxon growth and grazing losses (Johnson et al., 
1999). Dilution assay studies have been carried out in a wide array of environments, 
including, freshwater (T. W. Davis, Koch, Marcoval, Wilhelm, & Gobler, 2012), coastal 
(Dupuy et al., 2011), open ocean (Rivkin, et al., 1999), anoxic waters (Detmer, 
Giesenhagen, Trenkel, Venne, & Jochem, 1993) and the benthos (Kemp, 1994).  
 
Nonetheless, there are some commonly reported difficulties often encountered 
with application of the dilution method. Published reports suggest 6% – 66% of assays 
failing to have significant regressions  (Dolan & McKeon, 2005). This is likely due to low 
grazing rates, resulting in shallow slopes that are difficult to detect with model I 
regression analysis on a relatively small number of dilutions. Other non-significant 
results are most likely due to violations of the underlying assumptions behind the 
method. The addition of supplementary N and P at concentrations to support one or 
two doublings of phytoplankton biomass during the incubation period is common 
where nutrient limitation is anticipated (Andersen, Schartau, & Paasche, 1991). 
Nutrient amendation nonetheless carries the disadvantage of artificially elevating 
growth rates (Paranjape, 1987). Nonlinear feeding kinetics (e.g. saturated feeding), 
where a flat regression line at low dilution occurs when microzooplankton reduce their 
grazing rate as prey item density increases above that of grazer satisfaction, appear 
the most common cause of non-linier trends (Dolan, Gallegos, & Moigis, 2000a; 
Gallegos, 1989). Consequently, prey losses and net growth rates become independent 
of the dilution effect on grazer abundance (Heinbokel, 1978). Such feeding kinetics 
appear to be limited to eutrophic environments with chlorophyll a concentrations in 
the range of 30 µg L-1 – 140 µg L-1 (Gallegos, 1989; Gifford, 1988; Landry, Monger, & 
Selph, 1993).   
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Bearing in mind the limitations mentioned, overall, the dilution method 
represents an attractive technique to elucidate information about the ecology of a 
whole microbial community. Low complexity has ensured this method’s continual use 
over the last 32 years and suitability for adaption during this thesis.   
 
1.5. Biogeochemical implications of microzooplankton grazing 
 
Microzooplankton, as trophic intermediates (Section 1.3), repackage 
considerable production and as such, make it accessible to the higher trophic level 
consumers in the food web (Sun, Feng, Zhang, & Hutchins, 2007). As a consequence of 
microzooplankton grazing, compounds of their ingested particulate prey are released 
in the form of dissolved or colloidal material (Goldman & Caron, 1985; Nagata & 
Kirchman, 1991, 1992). Additional to the repackaging and trophic transfer of C, 
microzooplankton grazing has become well established in the regeneration of NH4 and 
P, along with dissolved organic C (Dolan, 1997; Ecclestonparry & Leadbeater, 1995; 
Neuer & Franks, 1993; Strom, Benner, Ziegler, & Dagg, 1997; Ward & Bronk, 2001). 
Besides inorganic nutrients, microzooplankton grazing is also responsible for the 
release of amino acids (Nagata & Kirchman, 1991, 1992). On average, 
microzooplankton release 10% - 30% of ingested material in colloidal form (Nagata, 
2000). As such, microzooplankton grazing is a major mechanism in the 
biogeochemistry of biogenic particulate elements, particularly in the surface ocean. 
Furthermore, microzooplankton grazing provides substrates for further growth of prey 
items, such heterotrophic bacteria and phytoplankton (Dolan, 1997; Jumars, Penry, 
Baross, Perry, & Frost, 1989).   
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Recently, the dilution technique has also been extended to study the 
microzooplankton grazing impact on algal dimethylsulfoniopropionate in both 
laboratory simplified food chains and natural communities (Salo, Simo, & Calbet, 
2010). The method was successful in examining the effect of microzooplankton grazing 
on biogeochemical fluxes of biomarkers associated with prey items (Archer, Stelfox-
Widdicombe, Burkill, & Malin, 2001; Archer, Widdicombe, Tarran, Rees, & Burkill, 
2001; Wolfe, et al., 2000). 
 
The fates of C and trace elements are intimately linked to microzooplankton 
grazing due to their association with prey cells. C is locked into the architecture of cell 
structures, whereas trace elements may be included in enzymes, membranes and 
other intracellular items, as well as extracellular carboxylic or FeOx precipitates 
(Dzombak & Morel, 1990; Sternberg, Tang, Ho, Jeandel, & Morel, 2005). According to 
the calculations of Tang and Morel (2006) the amount of extracellular Zn, Cu, Co or Cd 
should account for only about 10% of the corresponding total cellular concentrations. 
Although scavenging of elements onto extracellular components is a passive process, 
nonetheless they will be ingested along with the particle by predators (James, 2008). 
   
For the majority of trace elements it is more common for them to be 
associated with particulate matter (>0.02 µm) than as free ionic species (Mackenzie & 
Garrels, 1966). Biota themselves compose the largest particulate trace element pool 
in oceanic waters (Ho, Chou, Lin, & Sheu, 2011; Ho, Wen, You, & Lee, 2007). Small cells 
(~ 1 µm) are known to constitute a major reservoir of trace elements (Barbeau, 
Kujawinski, & Moffett, 2001; Cho & Azam, 1990). In many oceanic regions, cellular 
concentrations of trace elements can be in the order of 106 greater than ambient 
concentrations (Morel & Price, 2003).   
40 
 
 
As discussed in Section 1.3, microzooplankton have the ability to ingest prey 
items of various proportions up into the range of mm, for larger pallium feeding 
organisms (K. R. Buck, Marin, & Chavez, 2005; Burkill, Mantoura, Llewellyn, & Owens, 
1987; Buskey, 1997; Gonzalez & Suttle, 1993). As such, microzooplankton are capable 
of accessing the largest pool of elements within the open ocean.  
  
Indeed, in model, laboratory-based food chains, microzooplankton grazing has 
been shown to regenerate 137Cs, 109Cd, 65Zn, 153Gd, 54Mn, 55Fe and 59Fe from 
radiolabelled Synechococcus and diatom prey (Hutchins & Bruland, 1994; Hutchins, 
Ditullio, & Bruland, 1993; Twiss & Campbell, 1995; Twiss, Campbell, & Auclair, 1996), 
resulting in nutrient-like behaviour of these trace elements during grazing (Hutchins & 
Bruland, 1994). There are however limitations to using radiolabelled, model 
communities due to potential artefacts from cell lysis during filtration, the use of 
dissolved traps, and sorptive losses (Nagata & Kirchman, 1990; W. D. Taylor & Lean, 
1981). One concern with the use of ethylenediaminetetraacetic acid as a dissolved trap 
for remineralised isotopes is that it can lead to a bias by solubilising weakly bound 
surface precipitates from particles. Additionally, a dissolved trap would stop short the 
natural cycling of elements over the duration of the experiment.    
  
Initial interest in the effects of microzooplankton on trace element 
biogeochemistry has focused on Fe (e.g. Barbeau et al. (2001)) and to a lesser extent, 
toxicity of Ag and Hg (Berk & Colwell, 1981; Fisher & Wang, 1998). As such, there is 
little information on the uptake and trophic transfer of other bioactive trace elements 
(Barbeau, Moffett, Caron, Croot, & Erdner, 1996; Dalbec & Twining, 2009). Small 
biological particles such as bacterioplantkon and phytoplankton cells are ideally suited 
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to passively and actively accumulate trace elements, due to their numeracy and large 
surface area to volume ratios. Microzooplankton grazing is a substantial fate of these 
particles. However, while it is well recognised that grazing plays an important role in 
the remineralisation and cycling of Fe and other trace elements, in much the same way 
as for C and N, there is a lack of data on the impact of microzooplankton grazing on 
biogenic particulate trace elements. Understanding how trace elements are 
transformed and cycled by microzooplankton would greatly improve our knowledge 
of the cycling and fate of elements in the upper ocean and provide important 
information for the parameterisation of biogeochemical and climate change models 
(Halvorsen et al., 2001; Lenton, 2000; A. Obata & Kitamura, 2003; Shaffer, Olsen, & 
Pedersen, 2008).  
 
1.6. Particulate trace elements 
 
Trace elements can either be held intracellularly or extracellularly by 
microorganisms (section 1.1), but are often associated with non-biological particles 
when entering the ocean. Trace elements associated with cells are most important in 
the context of this thesis, but there are other sources. In coastal environments, the 
major pathway for trace element input is riverine (Meybeck, 1991). During this 
process, a considerable amount of the particulate and dissolved material in transport 
is modified by estuarine mixing. As such, estuaries are highly dynamic transition zones 
and commonly referred to as filters of riverine signals (Zhou, Liu, & Abrahams, 2003).   
 
Estuarine chemistry is complex, involving changes in trace element phases 
primarily through particle-solute interactions, flocculation, coagulation and 
sedimentation of particulate bound elements (Bewers & Yeats, 1989). Other processes 
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include sediment resuspension, pore water diffusion, and redox forced 
mineralization/solubilisation of carrier phases (Kalnejais, Martin, & Bothner, 2010; 
Lohan et al., 2006; Warren & Zimmerman, 1994). Subsequently, concentrations of 
trace elements in near shore regions can be in the µg L-1 to mg L-1 range (A. J. Beck, 
Cochran, & Sanudo-Wilhelmy, 2010; Hatje, Apte, Hales, & Birch, 2003; Zhou, et al., 
2003).  
 
Contrary to coastal regions, open oceans are far removed from allochthonous 
sources and dramatic horizontal gradients in trace element concentrations exist in 
transit from coastal to oceanic waters (J. H. Martin & Gordon, 1988). Average surface 
concentrations in open ocean regions can be in the order of 101 – 103 lower than 
coastal regions. Trace element input to these regions is limited to either long range 
aeolian sources, such as wind bourne dust (Balasubramanian, Karthikeyan, Potter, 
Wurl, & Durville, 2011) and volcanic activity (M. T. Jones & Gislason, 2008; Mather, 
Allen, Oppenheimer, Pyle, & McGonigle, 2003), or vertical mixing (Tankéré, Price, & 
Statham, 2000). Estimates of atmospheric deposition can account for up to 97% of the 
external Fe input in some oceanic areas (J. H. Martin, Gordon, Fitzwater, & Broenkow, 
1989; Sarthou et al., 2003). Additionally, there appears to be other model-derived 
physicochemical processes for trace element input, including diapycnal fluxes, vertical 
advection and lateral transport, all to varying degrees (Frants et al., 2013; Pohl, Loffler, 
Schmidt, & Seifert, 2006).   
 
Phase definitions of trace elements are discriminated operationally, based 
upon the separation threshold used. It is important to note that elements assigned to 
phases may have relatively short residence times and so their classification can change 
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over a period of hours, days and months, similar to that of N (Hutchins, et al., 1993). 
Particulate trace elements are defined traditionally as being those particles retained 
on a 0.2 µm or 0.7 µm pore size filter. Accordingly, the eluate represents dissolved 
phase elements. Over the last 15 years, development of trace metal clean sampling 
(Bruland, Franks, Knauer, & Martin, 1979) and analytical techniques have given 
reliable evidence of a further separation needed within the arbitrary defined dissolved 
pool (Wells, 1998). Filtration based upon molecular weight (1 kDa) and cross flow 
ultrafiltration (0.02 µm) have revealed the presence of separate colloidal (≥ 0.02 µm / 
< 0.2 µm) and truly soluble (<0.002 µm) phases therein (Reitmeyer, Powell, Landing, 
& Measures, 1996). Organic polymer colloidal phases represent the major portion of 
many trace elements in the total dissolved phases (Chin, Orellana, & Verdugo, 1998; 
Gledhill & Van Den Berg, 1994; Moran, Yeats, & Balls, 1996).  
 
Complexation of dissolved trace elements to particles is an elaborate 
interweaving of numerous physiochemical processes (Brown, Lippiatt, Lohan, & 
Bruland, 2012). Many studies have shown coastal partitioning between dissolved and 
particulate phases depends on a multitude of factors including, salinity, temperature, 
redox conditions, dissolved organic C, and composition of the suspended particulate 
matter (Fitzwater et al., 2003; Hatje, et al., 2003; Lippiatt, Brown, Lohan, Berger, & 
Bruland, 2010; Liu, Millward, & Harris, 1998; Mackenzie & Garrels, 1966; Zhou, et al., 
2003). For example, riverine dissolved Fe, Mn, Al, Cu, Ni, Cd and Co associated with 
humic acids and hydrous Fe oxides are flocculated into the particulate phase during 
estuarine mixing (M. Beck, Dellwig, Fischer, Schnetger, & Brumsack, 2012; Sholkovitz, 
1978). It is generally acknowledged that sorption processes at the particle surface are 
principle in influencing these phase changes (Stumm & Morgan 1981). Particulate 
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material can include a wide array of associations, from oxyhydroxides to Ca and Mg 
carbonate binding sites. The former can be reduced and solubilised by reductive 
mineral dissolution, whilst the latter are easily dissolvable (Tessier & Campbell, 1987; 
Warren & Zimmerman, 1994). Closer examination of particles such as clays reveals 
that these associations occur as thin film coats constructed of oxides and/or organic 
matter which contain the active binding sites for dissolved trace elements (Warren & 
Zimmerman, 1994).   
 
 Dissolved trace elements in the open ocean are up taken by plankton forming 
particulate trace elements and depleting upper ocean dissolved concentrations, as 
exemplified by Figure 6. Depth profiles of many micronutrients show a similar 
depletion at the surface due to biological uptake. The downward flux of particulate 
trace elements is then balanced by remineralisation and advection/diffusion upwards. 
Much of the particulate trace element remineralisation in the upper ocean is due to 
cell lysis and grazing. Open ocean dissolved trace elements are thus recycled rapidly 
through dissolved to particulate phases by biota. 
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Finally, a quantity of the particulate trace elements are held within detrital 
silicate mineral lattices, resistant sulphide frameworks and a small quantity of 
refractory organic material (Tessier, Campbell, & Bisson, 1979). These elements will 
not be biologically available under conditions normally encountered in nature. This 
inert phases, although refractory to any changes themselves, predominantly act as 
carriers of film coats containing active binding sites composed of oxides and organic 
matter (Warren & Zimmerman, 1994).  
 
1.7. Quantitative chemical analysis  
 
Key to understanding the biogeochemistry of trace elements is their 
speciation. Therefore, published reports separate the varying bioavailability of trace 
elements from particles using a chemical leach. A leach targets and dissolves labile 
elements from particles, which are available for biological uptake over a period of 
generations (days), whilst leaving refractory complexes untouched. Biologically 
Figure 6. Vertical profiles of dissolved Zn and Fe concentrations in 
the North Pacific (Morel, 2003). 
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available trace elements may be associated with both non biological particles and 
biological particles. The latter dominates open ocean particle compositions (Babin, 
Morel, Fournier-Sicre, Fell, & Stramski, 2003). The selection of reagent is based on an 
operational approach, designed largely to mimic the chemical conditions encountered 
during digestion and can either involve sequential leaching of increasing chemical 
strength, or single step leaches. Sequential leaches are more suited to understanding 
partitioning and are therefore typically employed when investigating geochemical 
cycling (Koschinsky, Fritsche, & Winkler, 2001). Importantly, care must be taken in the 
selection of reagents when used to target what is considered biologically available 
(Shannon & White, 1991). A summary of published reagents targeted at a wide range 
of matrices is shown in Table 1 and includes reagents ranging from chelating agents, 
through acidified seawater; reducing agents; dilute organic acids; gastro-intestinal 
fluids and enzymes, to increasingly concentrated mineral acids.   
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Table 1. Reagents for determining bioavailable elements. Displayed in approximate increasing order of strength. 
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Chelating agents such as diethylenetriaminepentaacetic acid, 
ethylenediaminetetraacetic acid and acidified seawater lack the strength to 
outcompete or dissociate all biologically available trace elements into solution. 
Numerous studies have used a leach solution consisting of 25% (vol/vol) acetic acid 
and 1 M hydroxylamine hydrochloride on a variety of different matrices (Chester & 
Hughes, 1967; Fitzwater, et al., 2003; Hatje, et al., 2003; Poulton & Canfield, 2005; 
Stamoulis, Gibbs, & Menon, 1996). The leach solution is added to the sample and 
shaken at room temperature for four hours. Originally, an underestimation was noted 
when using acetic acid alone (Landing & Bruland, 1987), as even when heated to 100 
oC, it was not capable of dissolving Fe oxides (Chester & Hughes, 1967; J. H. Martin, et 
al., 1989). This proved to be a significant disadvantage in coastal areas with a high 
abundance of terrigenous particles fostering Fe oxide coatings. Furthermore, 
incubation experiments using low abundance isotope tracers found 25% acetic acid 
does not appear to solubilise the bulk of biogenic particulate Fe. At times, labile 
particulate Fe was roughly estimated as twice that of the 25% acetic acid leachable 
concentration (Hurst & Bruland, 2007). Inclusion of the reducing agent hydroxylamine 
hydrochloride to mimic digestive conditions, combined with 25% acetic acid, allowed 
solubilisation of oxyhydroxide coatings and their associated trace elements (Poulton 
& Canfield, 2005). Further refinement found the ideal concentration of hydroxylamine 
hydrochloride to be 0.02 M rather than 1 M (Berger, Lippiatt, Lawrence, & Bruland, 
2008). Difficulty in solubilising biogenic particulate trace elements encountered with 
25% acetic acid has been addressed by using a stronger proton donor such as 1 M HCl 
as a denaturing agent (Castruita et al., 2006). Unfortunately, this has been at the 
expense of solubilising refractory trace elements from other particles (Turner & Olsen, 
2000). Alternatively, a heating step has been successfully introduced to denature 
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intracellular complexes such as metalloproteins whilst maintaining the pH 2 (Berger, 
et al., 2008).  
 
Subsequent quantification of refractory trace elements is relatively straight 
forward and is accomplished once all other leaching is achieved. By definition, all that 
remains is in a refractory phase and as such, complete destruction of matrices into 
solution by strong acid attack is required. Little variation has occurred in this method 
over a period of around 30 years (Roussiez et al., 2011; Tessier, et al., 1979). The 
mainstay is a strong inorganic oxidising agent, concentrated HNO3, frequently mixed 
with HF, HCl or HClO4 and heated either on a hotplate, or by microwave radiation 
(Lippiatt, et al., 2010; Roussiez et al., 2006). HF is the only reagent possible of 
decomposing silicates, so the addition of HF is recommended to determine total 
elemental inventory.  
 
The combination of HNO3 and HCl ‘aqua regia’ (3:1, vol/vol, HCl:HNO3) has 
been so widely used in total elemental digestion that the European Community Bureau 
of Reference has certified several soil and sludge samples based on it (Vercoutere, 
Fortunati, Muntau, Griepink, & Maier, 1995). Recent use of microwave-assisted 
digestion has optimised refractory trace element digestion. Hotplate temperature 
limitations have been overcome by using a sealed bomb apparatus. The high 
temperature and pressure within a bomb dramatically increases reaction kinetics, 
allowing digestions to be carried out in a matter of minutes, as opposed to hours (Xu 
et al., 2005). Microwave digestion provides a rapid, safe and efficient digestion and 
importantly, prevents contamination and vaporisation losses of analytes (Somer & 
Unlu, 2006).  
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1.8. Importance and contribution of this study 
 
To date, very little is known about the cycling of bioactive particulate trace 
elements and this work will provide the first measurements of growth and 
microzooplankton mediated particulate trace element losses. While laboratory 
experiments and theoretical work suggests biogenic particulate trace elements are 
cycled in a similar fashion to C and macronutrients, there have yet to be any studies 
using natural communities. To that end, we hope to update Figure 2 to quantify 
biogenic particulate trace element uptake by microzooplankton grazing as 
represented by red arrows in Figure 7 below. 
 
 
 
Figure 7. Diagrammatic representation of the current understanding of trophic interactions within the microbial 
food web. Solid arrows represent trophic pathways and dotted arrows represent regenerative C pathways.  
Based on Figure 2. Red arrows represent currently unknown rates of trace element transfer.   
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In addition, this study will provide valuable information about the grazing 
rates of different prey items (particulate trace elements, phytoplankton and 
bacterioplankton), microzooplankton prey preferences and whether there is evidence 
of preferential grazing on trace element-rich cells, and the extent to which top-down 
(grazing) vs bottom up (Fe limitation) processes control phytoplankton and 
bacterioplankton standing stocks. Given that Arctic and Atlantic Oceans account for 
about 10 – 20% of oceanic C production, understanding how C and biogenic particulate 
trace elements are cycled through the lower food web and potentially made available 
to higher trophic levels in these regions, is important to our understanding of global C 
budgets. Microbial food webs are often modelled as a 'black-box' where all cells 
behave the same. However, there is a growing recognition there is a close link between 
food web structure and the cycling of biogeochemically important elements, such as 
C, Fe, Mn, Cu, Co, Cd, Al, Pb and Ni.  
     
This research is a critical first step in linking food web and trace metal 
dynamics and understanding the feedback mechanisms that control nutrient cycles in 
the upper ocean. The quantification of trace element transfer through the lower food 
web will also better constrain biogeochemical models and therefore models predicting 
the oceans response to climate change (Lauria, Attrill, Brown, Edwards, & Votier, 2013; 
G. M. Martin et al., 2011; Richardson & Schoeman, 2004). Progress made throughout 
this work will open opportunities for continuing advances to be made into the future 
of marine biogeochemistry.   
 
1.9. Aims and objectives 
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The aims of this thesis are to: 
1. Establish the rate of growth and microzooplankton mediated losses of 
different size fractionated biogenic particulate trace elements. 
 
2. Determine the impact of microzooplankton grazing on phytoplankton and 
bacterioplankton community structure within in situ and Fe-enriched 
conditions. 
 
The objectives of this thesis are to: 
1. Develop an adapted dilution assay method, which is both trace element clean 
and suitable for the study of particulate trace element biogeochemistry. 
 
2. Develop a method for the quantitative chemical analysis of size fractionated 
biogenic particulate trace elements. 
 
3. Assess whether microzooplankton selectively graze trace element rich 
bacteria and phytoplankton, relative to total prey. 
 
4. Determine the impact of microzooplankton grazing on phytoplankton and 
bacterioplankton biomass. 
 
1.10. Organisation of thesis 
 
Section 2 details our novel methodology and examines our modifications to 
the dilution method in detail. Section 3 employs our modified dilution method in the 
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Arctic Ocean along with a pigment based approach to identify prey items. Section 4 
applies our modified dilution method to the study of microzooplankton grazing and 
trace element biogeochemistry in a hypothesised Fe limited region of the North 
Atlantic.  Here we also investigate the microbial and particulate trace element 
responses to artificial Fe enrichment. Section 5 explores the impact of volcanic ash 
deposition upon microbial processes in the North Atlantic during the 2010 eruption of 
Eyjafjallajökull. Section 6 applies our methodology in a coastal region expected to have 
high particulate trace element and microbial concentrations.  Lastly, section 7 provides 
a synopsis of our main findings and concludes the role of microzooplankton grazing in 
trace element biogeochemistry in this thesis against our objectives. Directions for 
future research are also discussed.    
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Section 2 
 
 
 
 
Methodology 
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2. Modified dilution method 
 
This chapter details the methodological approach applied in the following 
sections. Plasticware was used throughout to ensure minimal trace element 
contamination. Sampling equipment, assay bottles and experimental ware were 
subject to rigorous cleaning with 1 week in alkaline detergent (Decon, Decon 
Laboratories, UK), rinsing with copious amounts of ultra-high purity (UHP) water ( >18 
MΩ) then 1 week in 50% (vol/vol) HCl (Trace analysis grade, Fisher, UK), before rinsing 
with copious amounts of UHP water. After cleaning, all equipment was stored in two 
zip seal polythene bags. Polycarbonate filters were soaked in 0.1 M HCl for 1 week 
before rinsing thoroughly with copious amounts of UHP water and storage submerged 
in UHP water. 
 
Sea water for dilution assays (total ~140L) was collected via 9 L trace metal 
clean OTE Niskin bottles from depths between 2 m and 65 m depending on location. 
All manipulations and sampling were conducted in a trace metal clean environment, 
following strict contamination reduction protocols. Large grazers were removed by 
gently passing water through a custom made, sealed filtration unit housing 202 μm 
Nitex mesh into 100 L darkened Nalgene carboys maintained at ambient water 
temperature. Particle-free seawater for use as a dilutent was prepared by passing 
water through a 0.2 µm Sartobran filter (Sartorius Mechatronics UK Ltd., Surrey, UK) 
before storage in a 100 L darkened carboy. Dilutent seawater was collected by either 
12 L Niskin bottles or through a trace meal clean towed fish (positioned 3 m deep) 
during approach to the sampling station. 
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Working within a trace metal clean area, a series of dilutions were created by 
gently combining particle free dilutent water with 202 µm screened water to the 
following 7 target dilutions: 100, 90, 75, 50, 35, 20 and 10% in 10 L LDPE cubicontainers 
(EP Scientific Products, Miama, USA). All excess air was expelled from cubicontainers 
to reduce bubble formation and potential breaking of delicate microplankton. The 
average time to set up and sample an assay was 3.5 hours. Parafilm was used to seal 
cubicontainer lids to prevent leaking prior to incubation. Cubicontainers were 
incubated for 48 hours at ambient irradiance and water temperature in outdoor tanks 
fed by circulated seawater (Figure 8).       
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Modified dilution assays were conducted to simultaneously estimate rates of 
growth and grazing mortality for a suite of prey items (Table 2) (Landry, Haas, & 
Fagerness, 1984; Landry & Hassett, 1982). Our biogenic particulate trace element size 
fractions were chosen so to represent bacteria (0.2 – 1 µm particles), phytoplankton 
(1 – 10 µm particles) and large phytoplankton and microzooplankton (10 – 200 µm). 
Such modifications have seen similar use in measuring particulate dimethylsufide and 
Figure 8. Diagram for the preparation of modified dilution assays including sampling strategy and sample volumes 
required. 
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dimethylsulfoniopropionate losses due to microzooplankton grazing (Christaki, 
Belviso, Dolan, & Corn, 1996; Salo, et al., 2010; Wolfe, et al., 2000).    
 
 
Table 2. Prey items sampled for during modified dilution assays and their respective analytical methods. 
The analytical relationships of each assay bottle elucidates differences in prey 
item gross growth rates throughout a series of precise dilutions, thus uncoupling 
intrinsic growth and loss rates over an incubation period. Initially, each individual assay 
provides an independent estimate of the apparent growth rate (AGR) of a prey item 
(Table 2), where Po and Pt represent the initial and final prey abundances, respectively, 
and t is the duration of the incubation period. 
 
  =  (/)                                                     (4) 
 
Rates of prey growth (µ, d-1) and grazing loss (g, d-1) for each prey item were 
calculated by model 1 linear regression. Model 1 is used instead of model 2 because 
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model 1 calculates directly how Y (AGR) varies in response to X (dilution). Model 1 
regression analysis also assumes little or no error in X and all regression error 
attributed to measurement error in Y (Sokal & Rohlf, 1995). The apparent growth rate 
extrapolated to 100% dilution is equivalent to the specific prey growth rate in the 
absence of microzooplankton grazing. Therefore, the y-axis intercept of linear 
regression represents prey growth rate while the absolute value of the negative slope 
represents grazing losses. The ADF was used instead of the targeted dilution factor, as 
it has been shown to be a better proxy for dilution/grazer density due to its direct 
measurement of final dilution (Rivkin, et al., 1999) and reduces measurement errors 
accumulated during preparation and analysis of the dilution series. Chlorophyll a was 
used to estimate ADF for each bottle due to its greater precision (Coefficient of 
variation (CV) = 2%) than inferring ADF from bacterial (CV = 20%) or protistan (CV = 12 
- 30%) abundances.  The initial chlorophyll a concentration is represented by 
ℎ () at target dilution () and ℎ () is the chlorophyll a concentration 
of the unmodified seawater. 
 
ADF = ℎ ()/ ℎ ()                                   (5) 
 
Figure 9 displays example regressions of bacteria (Figure 9a) and 10 – 200 µm 
particulate Fe (Figure 9b). For Equations 4 to 9, if the slope of regression between ADF 
verses AGR was positive, the grazing loss was assigned a value of zero.  Negative 
growth rates were also assigned a value of zero. A conservative level of P ≤ 0.10 was 
used to test for significance of growth and loss rates from regression analyses 
(Putland, 2000). 
60 
 
 
 
Figure 9. Examples of model 1 regression analysis for a dilution series of bacteria (a) and 10 - 200 µm 
particulate Fe (b). 
 
For each prey type, the balance of µ and g processes was determined from the 
net growth rate (NGR, d-1): 
 
NGR = µ - g                                                               (6) 
 
61 
 
Figure 10 visualises the relationships between growth, grazing and net growth 
rate computed from Equations 4 - 6, for bacteria in Figure 9.  
 
 
Figure 10. Visual comparison of the relationship between growth grazing and net growth rates for 
bacteria (Figure 9). Error bars represent standard error. 
 
The percentage of prey standing stock ingested (%Ps d-1) for each prey item 
was estimated from the growth (µ) and grazing (g) rates and the initial prey carbon 
biomass (C0, µg C L-1) at the beginning of the assay in the undiluted seawater: 
 
%P! =  ((("# − ) − ("(#%&) − ))/) ∗ 100                   (7) 
 
The percentage of potential prey production ingested (%Pp,d-1) for each prey 
item was estimated from: 
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% P* =  (+,
-%+)%(+,(-./)%+)
(+,-%+)∗0                                                (8) 
 
and the ingestion rate (Ic, µg C L d-1) of each prey was:   
 
Ic = 1"# − 1"(#%&)                                                    (9) 
 
Furthermore, we modified C ingestion Equations (9) to determine rates of 
trace element specific losses from the microzooplankton grazing of biogenic particles 
(Gifford, 1988; Neuer & Cowles, 1994). Equation 9 therefore calculated the element 
specific rates of microzooplankton grazing (fM day-1) from the difference in elemental 
uptake from particles in the absence and presence of microzooplankton. 
 
Prey preferences were assessed for each prey type by adapting equations 
from McCarthy (1977). Relative Preference Indices (RPI) provide a ratio of the fraction 
of prey type 1 or 2 ingested (I) to the fraction of prey C of type 1 or 2 (C) occurring in 
situ (Equation 10).  
 
RPI =  4 5(67)5(67)85(69): ∗ 4
+(67)
+(67)8 +(69):                                        (10) 
 
RPIs were calculated for each prey type described in Table 2. To investigate 
preferential ingestion or avoidance of particles rich in trace elements compared to 
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others we applied Equation 11 to each element to assess the degree to which each 
size fraction was preferentially grazed. This quantified into a ratio the fraction of 
bioavailable element ingested from a single size fraction (I(e1), I(e2) etc.) to the total 
concentration of elements in all size fractions (C(e1), C(e2) etc.) in the same form. A value 
less that 1 indicates avoidance of the prey item, a value greater than 1 indicates 
preference of the prey item, and a value of 1 indicates ingested in proportion to the in 
situ availability. RPI will allow us to determine if there is preferential ingestion of 
certain size particles rich in particular trace elements. However if there is avoidance, 
we cannot account for what causes it with this method.  
 
4 5(;7)5(;7)85(;9)8 5(;<): ∗ 4
+(;7)
+(;7)8 +(;9)8 +(;<):                                     (11) 
 
Paired t-tests were used to test for significant differences in or between data 
sets (P <0.05). Spearman rank-order correlation was used to determine whether two 
sets of data were correlated. Data used were normally distributed with homogenous 
variances, confirmed using an F-test.  All statistical analyses were conducted in 
Microsoft Excel. Analysis of Covariance (ANCOVA) was used to test for significant 
differences (P <0.05) in regression slopes (i.e. grazing rates) when Fe enrichment 
assays were conducted (Section 4).  
 
2.1. Sample collection  
 
Chlorophyll a samples were collected by filtering 0.1 – 1 L onto Whatman 25 
mm diameter glass fibre filters (0.7 µm nominal pore size) within a syringe mounted 
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filtration unit (Swinnex, Massachusetts, USA). Filters were folded into quarters and 
extracted in 90% acetone overnight at -20 0C before analysis. Samples for ciliate and 
dinoflagellate abundances were collected in 250 mL brown glass bottles preserved 
with 1% vol/vol Lugols solution using the Utermöhl method (Utermöhl, 1931). Samples 
were stored at room temperature in the dark until analysis.  
 
Bacterial samples for epifluorescence microscopy were collected in 50 mL 
sterilne tubes (Fisher, UK) and immediately fixed with glutaraldehyde (0.3% final 
concentration). Within 12 hours, slides were prepared by staining with 0.005% 
acridine orange and filtration onto 0.2 µm black polycarbonate discs (Poretics) at <100 
mm Hg (Hobbie, Daley, & Jasper, 1977). Slides were stored in darkness at -20 0C before 
analysis. Samples for flow cytometry were collected in 2 mL cryovials and fixed with 
paraformaldehyde to a final concentration of 1% vol/vol before flash freezing in liquid 
nitrogen and storage at -80 oC. Duplicates were collected in case one set thawed during 
transport. HPLC samples for pigments were collected by filtering 2 L of water through 
25 mm diameter glass fibre filters (0.7 µm nominal pore size) using a bench mounted 
manifold at ≤ 127 mm Hg vacuum. Filters were folded in half within tin foil squares 
before flash freezing with liquid nitrogen and storage at -80 oC.  
 
Macronutrients (N, P and Si) samples were collected after filtering 20 mL 
through Whatman 25 mm diameter glass fibre filters (0.7 µm nominal pore size) within 
a syringe mounted filtration unit (Swinnex, Massachusetts, USA). Macronutrient 
samples were then fixed with the addition of HgCl2 to a final concentration of 0.1 µM 
HgCl2 to prevent microbial growth and stored at 2 0C before analysis.   
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Samples for particulate trace elements were collected by immediately filtering 
0.5 - 2 L through custom made PFA filtration rigs (Figure 11) inside a Class 100 laminar 
flow hood. Water passed sequentially though enclosed 10 µm, 1 µm and 0.2 µm 
polycarbonate nuclepore filters under gentle vacuum. Filters were folded into eighths 
to retain particles and stored upright in 2 mL HDPE vials during storage at -20oC. 
 
 
Figure 11. Custom made filtration rig. Filters are held between spacer discs 
to allow sequential filtration.  
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2.2. Sample analysis 
 
Chlorophyll a was determined from filters extracted in 90% acetone overnight 
at -20 0C. Concentrations were measured fluorometrically with a Trilogy laboratory 
fluorometer (Turner Designs, San Jose, USA) calibrated with pure high and low 
chlorophyll a standards and corrected for phaeopigments (Holm & Riemann, 1978). As 
the CV was <5% between replicate samples, single samples were collected from the 
dilution assays (Parsons, 1984).  
 
Ciliate and dinoflagellate abundances were determined from 50 mL 
subsamples which were settled for 24 hours and counted on an Olympus CK2 inverted 
microscope (Utermöhl, 1931). Random fields were viewed at 400x magnification until 
a total of at least 200 cells were enumerated, which comprised on average 5% of the 
chamber area. Autotrophic and heterotrophic dinoflagellates were not separately 
enumerated. Throughout, the CV for replicate counts was 30% for ciliates and 12% for 
dinoflagellates.   
 
Bacterial samples were analysed within 2 months, counts were determined on 
an Olympus BH2-RFCA epifluorescence microscope at x1000 magnification with blue 
excitation (450-490 nm); dichromatic beam splitter (510 nm) and barrier filter (520 
nm) (Kirchman, Sigda, Kapuscinski, & Mitchell, 1982). Random fields were counted 
(typically 10 fields) until 1000 cells were counted, providing a CV of 15 - 20%. HPLC 
analysis was undertaken using a C18 column in combination with a methanol-based, 
reversed phase binary gradient system by (Li, McLaughlin, Lovejoy, & Carmack, 2009) 
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Prey C biomasses were calculated using prey item abundances at time zero in 
undiluted seawater using the following conversion factors: bacteria = 20 fg C cell-1; Chl 
a:C = 55 (Booth, Lewin, & Postel, 1993; Boyd, Whitney, Harrison, & Wong, 1995; Rivkin, 
et al., 1999); ciliates = 0.19 pg C µm-3 (Putt & Stoecker, 1989); and dinoflagellates = 
0.14 pg C µm-3 (Lessard, 1991).  Volumes of ciliates and dinoflagellates were measured 
directly.   
 
Macronutrient concentrations and were analysed spectrochemically via a 
SEAL Quattro nutrient auto analyser (SEAL Analytical, Hampshire, UK) (Howard, 
Comber, Kifle, Antai, & Purdie, 1995) and Skalar San+ segmented flow autoanalyser 
(Breda, Netherlands) following methods described by Kirkwood (1996). As the CV 
between triplicate 20 mL samples for N and P was less than 2% and Si less than 1%, 
single samples were collected.    Additionally, no significant differences in N, P and Si 
concentrations (t-test, P>0.05) were found between diluent and niskin bottle waters, 
when preparing assays. 
 
Flow cytometry was used to determine the abundance of heterotrophic 
bacteria. Analyses were conducted on a Beckman-Coulter Gallios flow cytometer 
(Beckman-Coulter, UK) equipped with a blue (488 nm) solid state diode laser. Sheath 
fluid consisted of triple 0.2 µm filtered and autoclaved seawater to prevent cell lysis 
or alterations in cell composition during cytometry. SYBR Green I DNA stain was added 
to 500 µl subsamples to a final concentration of 1/10000 (Invitrogen, UK) and allowed 
to sit in the dark for 30 minutes at room temperature to stain nucleic acids. Calibration 
beads of a known concentration (Invitrogen, UK) were added to each sample to allow 
for the calculation of cell numbers per unit volume of water. 
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A plot of FL1 (525 nm ± 20 nm) versus side scatter (SS) was set up in Gallios 
software (v 1.2), and gates were drawn to delineate and distinguish the stained 
bacterial cells and calibration beads from non-cellular particles. Each sample was run 
at a low flow rate, no higher than 10000 events per second, for a total of 1 minute per 
sample. Absolute cell counts were converted to cells L-1 using Equations 12 - 14 to 
calculate the number of calibration beads in each sample: 
 
Beads per μL = FGHI !JKLM LKNLGNJOHJPKN QFGHI! #R.7S × UKV KW FGHI! HIIGI (#R )!HX*VG UKYXG (#R )8 UKVYXG KW FGHI! HIIGI (#R )                  (12) 
 
 
Sample volume run (μL) = aGHI! LKYNJGIbHX*VG UKVYXG OYN                                     (13) 
 
 
Cells  L%0 = dGVV LKYNJbHX*VG UKVYXG OYN (#R)  × 10e                                  (14) 
 
   Analysis of chlorophyll a and bacteria from the 0.2 µm filtered dilutent 
carboys revealed an absence of chlorophyll a and 99.6% reduction in bacteria, 
confirming consistent removal of bacteria and phytoplankton.    
 
To enable the accurate quantification of microzooplankton grazing effects on 
particulate trace elements, separation of elements from leachable and refractory 
fractions was accomplished after collection onto filters. In brief, filters were thawed 
and 1 mL of 0.02 M hydroxylamine hydrochloride/25% acetic acid added, prior to 
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heating in a water bath at 95 oC for 10 minutes to leach bioavailable elements. After a 
2 hour cooling period, leachate was extracted and the filters were rinsed inside to out 
with repeated aliquots of UHP water, totalling 2 mL. The resulting aliquot was acidified 
with 100 µL of 15 M sub boiled quartz distilled (Q-) HNO3 and evaporated to near 
dryness, acidified again with 100 µL of 15 M Q-HNO3, then heated to near dryness. 
Finally the aliquot was taken up in 2 mL of  1 M Q-HNO3 and refrigerated prior to 
analysis (Berger, et al., 2008). Subsequently, filters were bomb digested for 20 minutes 
at 200 oC in a microwave accelerated reaction system (CEM, Carolina, USA) for a 
refractory element inventory. A 10 mL combination of Aqua Regia and HF (125:2) was 
utilised to ensure solubilisation of all refractory trace elements. The resulting solution 
was evaporated to near dryness then taken up in 2 mL of 1 M Q-HNO3 and refrigerated 
prior to analysis.    
 
Quantitative chemical analyses of Al, Fe, Mn, Zn, Co, Ni, Cu, Zn, Cd and Pb of 
each size fraction were determined using an Agilent 700ce Inductively Coupled Plasma 
Mass Spectrometer (ICP-MS) via an integrated auto-sampler in an ISO9001 accredited 
laboratory (Agilent Technologies, Berkshire, UK). Prior to each set of analyses, the ICP-
MS was tuned using a 10 µg L-1 solution of Li, Y, Ce, Ti and Co, whereby ion lenses, 
octopole parameters and plasma conditions were adjusted to maximum sensitivity. 
During ICP-MS analysis of trace elements, He was used as the collision cell gas for the 
analysis of Al27, Cr53, Mn55, Co59, Ni60, Cu63, Zn66, Cd111 and Pb208. Additionally, Pb208 was 
calculated using Aligent Chemstation interference equations. Due to significant Ar-
based interferences, Fe56 was analysed separately. Fe56 analysis was achieved by 
pressurising the cell with H2 for effective removal of peaks from plasma based ions 
such as ArO+ (Baranov & Tanner, 1999).   
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ICP-MS data were processed using Aglient’s software Chemstation to 
determine calibrations and blank subtractions from mixed standards in the range of 
0.001 µg L-1 to 1000 µg L-1 in a 2% Q-HNO3/0.5% Q-HCl (vol/vol) matrix (Table 3). Counts 
were combined automatically online with an internal standard of 20 µgL-1 Rh103 and 
Bi209 to correct for signal drift and intensity variation during analysis. This was 
accomplished from a stock solution of 400 µgL-1 Rh103 and Bi209 with twenty fold 
internal dilution. Sample values for all elements were orders of magnitude higher than 
their respective detection limits. 
 
Process blanks were produced in triplicate by filtering 1 L of UHP water, pre-
cleaned by the addition of a chelating agent (Chelex 100, Bio-Rad Laboratories, UK), 
though our filtration rigs containing 10 μm, 1 μm and 0.2 μm filters before being 
subjected to the same leaching procedure as other samples. Certified reference 
materials BCR-414 (a biogenic particle mixture) and SLRS-5 (acidified natural water) 
were analysed to validate the accuracy and precision of the analyses. For BCR-414, 0.1 
g of was placed on a 0.2 μm filter and subjected to the same methodology as 
experimental samples. Aliquots of SLRS-5 were included within each ICP-MS analysis. 
 
ICP-MS blanks were calculated from the 2% Q-HNO3/0.5% Q-HCl (vol/vol) 
matrix and included at the beginning and throughout each analysis. Blank ranges 
throughout ICP-MS analysis are shown in Table 3. Limits of detection were calculated 
from three times the standard deviation of the corresponding blank. Process blanks 
were on average 1 – 2 orders of magnitude higher than their respective limit of 
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detection.  Process blank values were subtracted from sample and reference material 
results. 
 
Process blank concentrations typically contributed to 2 – 17% of the average 
sample concentration (Table 3). Lead had the highest average blank at 21%. Zinc data 
were discarded, due to up to 65% contamination. ICP-MS analyses of SLRS-5 showed 
good agreement with 102% average recovery of the certified values. All elements were 
within 10% of certified values, except Pb, which over recovered by 16% (Table 4). 
There are no certified values for the leachable fraction of BCR-414, nonetheless, 
combined data for leachable and refractory concentrations in BCR-414 showed 
accurate recoveries between 90 - 100% of the certified values (Table 4).  
 
2.3. Methodological considerations 
 
Chlorophyll a retention on glass fibre filters with a nominal pore size of 0.7 μm 
has received attention regarding the passing of smaller phytoplankton through the 
filter, leading to a missing fraction which may lead to underestimates of 
microzooplankton herbivory (Chavez et al., 1995). However, the majority of 
chlorophyll a retention errors occur in oliogtrophic open ocean areas with chl a < 0.1 
μg L-1 (Chavez, et al., 1995; Dickson & Wheeler, 1995), where smaller prochlorophytes 
(<0.7 μm) comprise 30 – 40% of the chlorophyll a standing stock (Chavez et al., 1991; 
Schlüter, Henriksen, Nielsen, & Jakobsen, 2011). In contrast, chlorophyll a 
concentrations in our assays ranged from 0.5 – 1.8 μg L-1. Therefore, it is likely that 
most of the chlorophyll a was retained on the 0.7 µm filters.   
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Another concern raised in the literature is the potential for increased dissolved 
organic C (DOC) due to cell breakage during filtration to stimulate bacterial growth 
rates (Eiler, Langenheder, Bertilsson, & Tranvik, 2003). Examined elsewhere, results 
have shown that careful preparation of diluents does not release an amount of DOC 
significant enough to alter growth rates (Rivkin, et al., 1999; Tremaine & Mills, 1987). 
We avoided trace element contamination within our assays by using rigorous trace 
metal clean washing and handling protocols. Blanks typically contributed 2 – 21% of 
the analysed concentrations with the exception of Zn which contributed up to 65% of 
the total in sporadic samples (Table 3). Zn contamination was most likely introduced 
during ICP-MS analysis by airborne dust and the data have not been included in the 
analysis here. As our unamended and Fe enriched assays showed significant 
differences in community processes, we are confident there was no systemic trace 
element contamination in our assays. Furthermore, to prevent metal sorption to 
container walls we rinsed all equipment with sample water before use. 
 
Assays were incubated within clear cubicontainers positioned in an outdoor 
incubators, ensuring light levels concurrent with the diurnal cycle and in situ 
temperatures (± 0.5 °C). Protist damage was minimised by delicate handling and 
gentle gravity filtration when preparing dilutions assays. As such, it is unlikely that 
growth was influenced by sample collection, manipulation, protist damage or 
incubation artefacts. Saturated feeding responses appear not to have occurred, as we 
encountered no non-linear regression plots as described by Gallegos (1989). Although 
previous studies have reported intra-guild grazing within the microzooplankton 
(Banerji & Morin, 2009), our data set does not allow direct quantification of this. 
Future studies should monitor changes in the abundance of microzooplankton during 
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the dilution assay to assess whether intra-guild grazing occurs. If intra-guild grazing 
was present our grazing rates presented here may be underestimates. 
 
Evidence is emerging for other mechanisms leading to cell losses, such as viral 
infection (Tijdens, et al., 2008). A review of the literature reveals a number of 
observations. Firstly, virally induced bacterial mortality has received the most focus in 
the literature and appears to be highly variable temporally and spatially (Pedros-Alio, 
et al., 2000; Steward, et al., 1996; Tijdens, et al., 2008; Waterbury & Valois, 1993; 
Weinbauer & Hofle, 1998). Secondly, studies have mainly focused on species specific 
hosts (Cottrell & Suttle, 1995; Evans, et al., 2003; Suttle & Chan, 1994), with viral losses 
appearing to affect species composition rather than total phytoplankton biomass 
(Waterbury & Valois, 1993). Lastly, considering the reliance of viral infection on host 
density, it is no surprise the largest accounts of viral mortality have been observed 
during blooms (Bratbak, et al., 1993; Brussaard, et al., 1996; Jacobsen, et al., 1996).   
 
Considering the above, we are confident that the assumptions of the dilution 
technique were not violated and that effects of viral lysis were minimal across 
dilutions. The process by which virally induced losses influence bacterioplankton and 
phytoplankton communities can be understood by the kill the winner hypothesis 
(Thingstad, 2000; Wommack, Ravel, Hill, Chun, & Colwell, 1999). In so much as total 
abundances of bacteria or phytoplankton appear stable over time whilst individual 
host strains may change due to infection. Additionally, general seasonal patterns of 
abundance lead us to expect that although viral stocks may be high, in light of 
relatively low phytoplankton concentrations, the majority will be dormant, in line with 
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the ‘bank model’ hypothesis (Baudoux, et al., 2006; Breitbart & Rohwer, 2005; Parada, 
Baudoux, Sintes, Weinbauer, & Herndl, 2008; Short, Rusanova, & Short, 2011).   
 
The dilution technique adapted in this study has been used regularly since its 
conception. Studies commonly report statistically non-significant growth and grazing 
rates within the range of 6 – 74% of experiments (Dolan & McKeon, 2005). In the 
present study, our data comprised of 17- 46% of experiments having no significant 
regressions. The particulate trace element data had higher frequencies of non-
significant growth and grazing rates, with up to 90% of dilution assays comprising of 
non-significant results. At present we are unable to ascertain exactly why our 
proportion of particulate trace element non-significant data is above the proportion 
found by Dolan (2005), however one likely factor is the difficulty for model I regression 
analysis to detect slight slopes with 5 - 7 data points. Such analyses are particularly 
challenging when there are difficulties in distinguishing small changes in extremely low 
concentrations of trace element concentrations between beginning and final time 
points, combined with methodical constraints and contamination. All of the 
aforementioned factors are markedly more challenging in the higher dilution bottles.   
 
In comparing the growth and grazing rates for particulate trace element 
fractions and their corresponding biological prey items we suggest our modified 
dilution method represents the upper rate limit to biogeochemical processes. Both 
growth and grazing rates were often higher for particulate trace elements in each size 
fraction than for their corresponding biological prey items. One possible explanation 
for this maybe because we cannot accurately distinguish between biologically 
mediated and parallel physicochemical processes such as the photoreductive 
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dissolution of Fe (Borer, Sulzberger, Reichard, & Kraemer, 2005; Sulzberger & 
Laubscher, 1995). Many studies have highlighted the importance of grazing as a 
mechanism for regeneration and re-partitioning of trace elements. Here we cannot 
accurately account for the fate of lost trace elements from biogenic particles. 
Nonetheless, the literature would suggest after 48 hours, a majority of elements 
would be remineralised to the dissolved phase (Barbeau, Kujawinski, et al., 2001; 
Dalbec & Twining, 2009; Hutchins & Bruland, 1994; Twiss & Campbell, 1995; Twiss, et 
al., 1996). Trace element assimilation efficiencies for microzooplankton are reported 
from a few percent up to 30%, and are certainly not as high as 70%, as has been 
reported for macronutrients such as P (Hutchins & Bruland, 1994; Reinfelder & Fisher, 
1991). 
  
 It appears difficult to distinguish what generated the positive regression 
slopes between NGR and ADF. Positive slopes for particulate trace elements in 
unamended assays (Section 4) averaged 37 ± 7%, whilst in Fe enriched assays 42 ± 6% 
were positive. Recently, Calbet (2011) has suggested a number of non-exclusive causes 
for positive regression slopes for prey items. Positive regression slopes imply the prey 
items were adversely affected by dilution. Potential effects may include the complex 
cycling of nutrients, toxic effects of filtered seawater, chemical deterrence by prey and 
strong trophic cascades (Calbet et al., 2008; Landry, 1993). The complex cycling of 
nutrients cannot be ruled out, however when Fe was added in excess in enrichment 
assays, the quantity of positive regressions was not significantly different from 
unamended assays (Paried t-test, P = 0.70). Moreover, we did not add macronutrients 
to excess, as some previous studies have done (Chen et al., 2009; Gobler et al., 2004), 
because it would not have represented the in situ conditions and processes. 
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Furthermore, any nutrient limitation would be inversely proportional to the dilution 
factor because higher dilutions would contain more nutrients per cell and would 
therefore favour stronger negative regressions. It is unlikely that toxicity was 
introduced during the preparation of assays, as any toxic effects would have been 
persistently evident at all stations. It is difficult to ascertain whether chemical 
deterrence by prey was occurring in our assays. While we do not have direct 
microscopic counts of phytoplankton species, other studies indicate that regions of 
the high latitude North Atlantic with >1 µg L-1 chlorophyll a (78% of our stations) tend 
to be diatom (Nitschia sp. Chaetoceros sp.) dominated (Moore, Lucas, Sanders, & 
Davidson, 2005). Bearing this in mind, many studies have highlighted the capabilities 
of Nitschia sp. and Chaetoceros sp. in the production of acrylate dimethyl sulphide and 
polyunsaturated aldehydes for grazing deterrence (Balestra, Alonso-Saez, Gasol, & 
Casotti, 2011; Belviso et al., 1990; Christaki, et al., 1996; Ianora & Miralto, 2010; Ianora 
et al., 2004; Steinke, Stefels, & Stamhuis, 2006; Wolfe, et al., 2000; Wolfe & Steinke, 
1996). Bacteria are also known to use chemical deterrence to avoid predation 
(Boenigk, Matz, Jurgens, & Arndt, 2001; Matz, Bergfeld, Rice, & Kjelleberg, 2004; Matz 
et al., 2004). Trophic cascades are another plausible explanation for our positive 
regression slopes. Calbet et al. (2011) suggests that the positive regressions observed 
in their study resulted from the predation of microzooplankton by other 
microzooplankton (e.g. protozoans or metazoans such as copepod nauplii), resulting 
in a decrease in abundance of the predominant grazers in the lowest dilutions. The 
conclusions of Calbet et al. (2011) would be in line with other studies which observed 
a change in microzooplankton species throughout during assays (Adrian, Wickham, & 
Butler, 2001; Berninger & Wickham, 2005; Modigh & Franze, 2009). Unfortunately, we 
were not able to monitor changes in microzooplankton during the assays, due to 
volume constraints. Considering this, it would appear likely that our positive 
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regression slopes at some stations were due to a combination of chemical grazing 
deterrence and trophic cascades.   
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Section 3 
 
 
 
 
Grazing of bacteria, picophytoplankton and 
nanophytoplankton by microzooplankton in the 
Western Arctic Ocean 
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3. Introduction  
 
 Waters north of 66o 33’ 39” are defined as Arctic. Almost completely 
landlocked, the Arctic Ocean is sub-divided into eight geographic sections by 
longitude, with the Beaufort Sea occupying the Western Arctic Ocean across 160 – 100 
oW (Jakobsson, Grantz, Kristoffersen, & Macnab, 2003). Characteristic of this area is a 
broad continental shelf comprising 55% of the total area and large input of riverine 
discharge (3.3 x1011 m3 year), mainly from the Mackenzie River (70% occurs May – 
September), affecting both salinity and nutrient concentrations (Goñi, Yunker, 
Macdonald, & Eglinton, 2000). Circulation is composed of both Pacific (low 
salinity/nutrient replete) and Atlantic waters (high salinity/nutrient deplete), with the 
latter generally moving marginally in clockwise currents (Maslowski et al., 2004). 
During winter, brine rejection due to ice formation destabilises the mixed layer 
resulting in nutrient replenishment by deep vertical mixing. The onset of melting at 
the ice edges in spring is responsible for stratification and exposure of nutrient replete 
waters to incident irradiances, resulting in the spring bloom (Niebauer, Alexander, & 
Henrichs, 1990). Surface nitrate, phosphate and silicate in these areas post bloom are 
often near detection limits, suggesting productivity becomes controlled by nutrient 
availability (Sakshaug, 2003).  
 
 The Arctic Ocean is fast becoming a region of amplified climate change due to 
positive feedback cycles associated with decreased total ice albedo (Manabe, 
Spelman, & Stouffer, 1992). Seasonal changes in ice cover define arctic marine 
ecosystems, the breakup of sea ice during spring and summer is central to 
phytoplankton in that it allows a stable surface layer with incident irradiances needed 
for photosynthesis (J. Wang, Cota, & Comiso, 2005). Perennial sea ice cover is 
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retreating at a rapid rate of 10% per decade and models predict the Arctic Ocean being 
ice free by 2040 (Holland, Bitz, & Tremblay, 2006). Despite this the Arctic Ocean still 
remains poorly understood due to its inaccessibility and adverse weather conditions 
(Comiso, 2002; Day, Hargreaves, Annan, & Abe-Ouchi, 2012). Additionally the Arctic 
Ocean has the highest terrestrial input in terms of river discharge, which will increase 
due to permafrost melting and intensification of hydrological cycles due to climate 
change (Dixon et al., 1994; Opsahl, Benner, & Amon, 1999). Therefore the position of 
the Beaufort Sea in the Western Arctic and close coupling to the Mackenzie River 
means it is a region particularly sensitive to climate change impacts.    
 
 Traditionally, large phytoplankton cells (≥ 20 µm), which are restricted to short 
periods of productivity, were thought to dominate the Arctic microbial food web (von 
Quillfeldt, 1997). However, there is currently a growing body of evidence concerning 
the importance and shift towards smaller (0.2 – 20 µm), microbial metabolisms, with 
subsequent negative impacts on ecology and C transfer. Unlike larger cells that tend 
to sink and are suitable for mesozooplankton grazing, small (0.2 – 20 µm) cells are 
more efficient at remaining in the surface layer and therefore reduce the rate at which 
C is able to sink out of the upper ocean (Condon et al., 2011; Kirchman, Moran, & 
Ducklow, 2009; Purcell, Hopcroft, Kosobokova, & Whitledge, 2010; B. F. Sherr & Sherr, 
2003; E. B. Sherr, Sherr, Wheeler, & Thompson, 2003). Accordingly, now more than 
ever there is a need to gain better understandings of the spatial and temporal 
microbial ecology of smaller cells such as bacteria, picophytoplankton and 
nanophytoplankton, in the Arctic Ocean. To date there have been few studies on the 
impact of microzooplankton grazing on these microbial populations. Studies from 
other, similar regions, such as the Barents Sea, have observed microzooplankton 
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grazing and suggest it may be an important mechanism in the regulation of microbial 
biomass and transfer of C in the upper water column in high latitude regions (E. B. 
Sherr, Sherr, & Hartz, 2009; Verity, Wassmann, Frischer, Howard-Jones, & Allen, 2002).   
Additionally, as discussed in Section 1, microzooplankton occupy a key biogeochemical 
position in respect to the cycling and trophic transfer of trace elements and are 
capable remineralising and transferring a fraction of trace elements and C, not directly 
available to higher trophic levels.  
 
 While the paradigm that community structure influences its function is 
becoming widely accepted, the exact mechanisms remain unclear, especially in this 
region of the Arctic Ocean (Verity & Smetacek, 1996). The goal of this study was to 
investigate the role of microzooplankton grazing on bacteria, picophytoplankton and 
nanophytoplankton biomass and its consequences for C and trace element cycling. 
The present study applies our dilution method described in Section 2, to addresses 
these issues in the Beaufort Sea as part of the Canadian International Polar 
Year/GEOTRACES sampling programme.  
 
Methododology 
3.1. Study sites  
 
 All samples were collected between 27th August to the 12th September 2009, 
aboard the CCGS Amundsen. The CCGS Amundsen undertook a cruise track starting in 
the Mackenzie River delta and continued north, breaking ice into the Beaufort Sea. 
Figure 12 displays stations occupied over the Shelf, Slope and Ice edge over the deep 
Canada Basin. Full details of each sampling station are displayed in Table 5. 
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3.2. Assay design 
 
  Modified dilution assays were conducted to simultaneously estimate rates of 
growth and grazing mortality for a suite of prey items, including the chlorophyll a, 
picophytoplankon (0.2 - 2 μm), nanophytoplankton (2 – 20 μm), and bacteria. 
Additional samples were collected for biogenic particulate trace elements (Section 2) 
and high performance liquid chromatography (HPLC) analysis to elucidate taxon 
specific rates of growth and grazing losses (Tester, Geesey, Guo, Paerl, & Millie, 1995). 
Assays were incubated in on deck tanks covered with neutral density screening and 
fed by circulated seawater to maintain an ambient temperature of approximately -1 
oC and incident irradiance.       
Figure 12. Chart of sampling station locations in the Beaufort Sea during the 
IPY/GEOTRACES expedition. 
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3.3. Sample collection and analysis 
 
 All manipulations and sampling was conducted in a trace element clean 
environment, following strict contamination reduction protocols. To assess taxon 
specific microzooplankton grazing of phytoplankton, a pigment based approach, using 
HPLC was adopted (M. D. Mackey, Mackey, Higgins, & Wright, 1996). Flow cytometry 
was used to quantify bacterioplankton, picophytoplankton and nanophytoplankton (Li 
& Dickie, 2001). Bacterial samples were collected for image analysis to allow 
volumetric analysis and C conversion using a selective nucleic acid dye image analysis 
method (Posch et al., 2001). 
 
HPLC analysis was undertaken using a C18 column in combination with a 
methanol-based, reversed phase binary gradient system (Li, et al., 2009). HPLC 
pigments represented: diatoms; dinoflagellates; prymnesiophytes; chlorophytes; 
prasinophytes type 1; prasinophytes type 2; cryptophytes and chryso-pelagophytes 
(Landry, et al., 1984; Landry & Hassett, 1982).   
   
Carbon biomass estimates for picophytoplankton (530 fg C cell-1) and 
nanophytoplankton (3900 fg C cell-1) were determined from the flow cytometric 
analyses of cell abundances and accepted cellular carbon content estimates (Stukel & 
Landry, 2010; A. G. Taylor, Landry, Selph, & Yang, 2011).  
 
Results  
3.4. Hydrographic data 
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 Across all locations, surface mixed layer temperature remained constant at an 
average of -1.1oC. Salinity increased seaward, from 25.7 PSU on the Shelf, to 30.6 PSU 
at the Ice edge. Throughout locations, oxygen saturation levels remained relatively 
stable at 365 – 370 μM kg.    
 
 Nitrite and nitrate concentrations were both minimum at the Shelf at 0.09 μM 
and 0.04 μM, respectively. Concentrations increased from Slope to Ice edge with a 
maximum nitrite concentration of 0.22 μM and nitrate concentration of 0.46 μM at 
the Slope. Silicate (1.85 µM) and phosphate (0.66 µM) concentrations were also lowest 
on the Shelf and increased to 3.13 μM and 0.80 μM at Slope and Ice edge stations, 
respectively (Table 6). Ammonium concentrations were consistent across all stations 
(0.02 – 0.03 µM). Analysis of water masses revealed the origin of this upper layer was 
Pacific Winter Water (Shimada et al., 2006). 
 
3.5. HPLC analysis 
 
Exceptionally low phytoplankton biomass collected on filters caused 
difficulties for HPLC analysis, even with optimised methodological techniques (D. J. 
Mackey, Higgins, Mackey, & Holdsworth, 1998; Meyer-Harms, Irigoien, Head, & Harris, 
1999). The lowest pigment retention was 0.3 ng on filters and on average there was 
52 ng. Low in situ biomass, combined with dilutions produced during assay preparation 
and volume restrictions, resulted in insufficient data (<8% of samples) for regression 
analysis. However we were able to extract chlorophyll a data from the undiluted 
seawater assay at each location, to give an initial abundance. Chlorophyll a 
concentrations ranged from 0.02 µg L-1 at the Shelf, to 0.10 µg L-1 at the Ice edge and 
0.14 µg L-1 at the Slope.  
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3.6. Microbial composition   
 
Abundances of phytoplankton and bacterioplankton are summarised in Table 
7. Bacterial abundances were similar at all stations ranging 1.6 x108 cells L-1 at the Shelf 
to 2.9 x108 cells L-1 over the Slope. Picophytoplankon showed a similar trend, ranging 
from 1.3 x106 cells L-1 at the Shelf, to a maximum of 3 x106 cells L-1 at the Ice edge. 
Nanophytoplankton showed the largest range with abundances at the Slope and Ice 
edge stations (9.94 x104 – 1.03 x106, respectively), two orders of magnitude higher 
than at the Shelf (9.94 x104 cells L-1). Total microbial biomass at the Slope and Ice edge 
was similar (~11 µg C L-1) and more than twice as high as on the Shelf (4.32 µg C L-1), 
where biomass was dominated (75%) by bacteria (Table 8). Analysis of 0.2 µm filtered 
water for use as diluent in the preparation of dilution assays confirmed the successful 
removal of 93% of bacteria, 96% reduction of picophytoplankton, and 94% of 
nanophytoplankton.   
 
Work by Strom & Fredrickson (2008) found a significant correlation of 
microzooplankton biomass to chlorophyll a concentration in the Bering Sea. As such 
we utilised their equation to estimate microzooplankton biomass as a function of 
chlorophyll a concentrations (Equation 15). Accordingly, microzooplankton biomass 
was 10.55 µg C L-1 at the Shelf, 12.65 µg C L-1 at the Slope and 11.93 µg C L-1 at the Ice 
edge.   
Microzooplankton biomass (µg C L-1) = 17.3 (chlorophyll a) + 10.2              (15) 
 
3.7. Microzooplankton grazing  
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Table 9 displays the details of the microzooplankton grazing impact occurring 
at the three sampling locations. Of the nine, model I regression analyses conducted, 3 
were not significant. On the other hand significant regression slopes for AGR versus 
ADF had an average r2 value of 0.7. The Shelf had significant rates of growth for 
bacteria (0.20 ± 0.02 d-1) and nanophytoplankton (0.69 ± 0.09 d-1), but only significant 
grazing for picophytoplankton (0.25 ± 0.07 d-1) and nanophytoplankton (0.95 ± 0.14). 
The Slope had significant rates for picophytoplankton growth (0.09 ± 0.03) and 
nanophytoplankton grazing (0.16 ± 0.04). The only significant rate at the Ice edge was 
for nanophytoplankton grazing (0.54 ± 0.16). Where significant results were reported, 
net growth rates (NGRs) were all negative and thus represented a decrease in biomass. 
Nanophytoplankton NGRs ranged from -0.16 to -0.54 d-1 across sampling locations. 
Picophytoplankton NGRs varied from -0.25 ± 0.07 d-1 at the Shelf to 0.09 ± 0.06 d-1 at 
the and slope. Bacteria had a single significant NGR of 0.2 ± 0.02 d-1 at the Shelf. 
Microzooplankton accounted for an average loss of 42% of prey standing stocks and 
117% of prey potential production for phytoplankton in our study (Table 9). Total C 
ingestion was highest at the Ice edge location (1.68 µg C L-1 d-1) and the majority (76 - 
100%) of C ingested was from nanophytoplankton (Figure 13).  To assess prey 
preferences of microzooplankton we calculated RPIs for each prey item. In this study, 
RPIs were low (range 0 - 0.4). The only RPIs over 0 were for nanophytoplankton at the 
Slope (0.3) and Ice edge (0.4) locations.    
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3.8. Trace element biogeochemistry 
 
Exceptionally low biomass caused difficulties in our particulate trace element 
analysis. The low in situ biomass, combined with dilutions produced during assay 
preparation, and the limited volumes available for filtering (2 L HPLC and 2 L for 
particulate trace elements) resulted in analysed concentrations below their respected 
detection limits. Therefore we had insufficient data for regression analysis. We 
calculate at least 4 L of water would be needed to be filtered in future to obtain 
particulate trace element data above our detection limits. This volume would have to 
increase in proportion with increasing dilutions in assay containers. However, the 
resultant total water requirements would be logistically challenging and make the 
assay setup very arduous. 
 
Figure 13. Comparison of total microbial C ingestion between in Shelf, Slope and Ice edge 
locations. There were no data for bacteria. 
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Discussion  
3.9. Hydrographical data 
 
The hydrography (Table 5), nutrient concentrations (Table 6) and microbial 
abundances and biomass (Table 7) reflected generally reported structures for late 
summer, as detailed below. Surface water temperature decreased with increasing 
latitude which coincided with increasing dissolved oxygen and salinity. Highest 
temperatures (-1.05 0C) and lowest salinities (25.69 PSU) were related to the 
freshwater input of the Mackenzie River. Low macronutrient concentrations at the 
shelf location are likely due to the input of nutrient deplete riverine melt waters during 
freshet in summer (Cauwet & Sidorov, 1996; Dittmar & Kattner, 2003). At other 
locations (Table 6), just under half of the macronutrient concentrations had been 
utilised compared to standard winter concentrations (12 µM nitrate, 5 µM silicate, 0.9 
µM phosphate: Wassmann et al., 1999). Moreover, nitrate concentrations were 
significantly diminished compared to silicate. This observation is consistent with the 
notion of prior utilisation of nitrate by small phytoflagellates, poorly utilised silicate 
due to diatoms being outcompeted by smaller phytoplaknton, and incipient nitrate 
limitation (Allen et al., 2002; Verity, et al., 2002).  
 
3.10. Picophytoplankton and nanophytoplankton  
 
 In line with previous studies in this region, picophytoplankton were the most 
abundant of the small (<20 µm) phytoplankton assemblage at our sampling locations 
(Not et al., 2005; Vidussi et al., 2004). Nanophytoplankton had a significant correlation 
(n=3, r2 = 0.95, Spearmans Rank Rs = 1) with chlorophyll a concentrations, suggesting 
that this fraction dominated phytoplankton biomass in our study areas. Our results fall 
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into the range of picophytoplankton (1.32 - 3.04 x 106 cells L-1) and nanophytoplankton 
(9.94 x 104 - 1.03 x 106 cells L-1) abundances recorded by others in the central Arctic 
(Booth & Horner, 1997; E. B. Sherr, et al., 2003) and Beaufort Sea (Schloss et al., 2008; 
Tremblay et al., 2008). The average phytoplankton growth rate from this study (0.39 
d-1) was comparable to other studies in the Arctic displayed in Table 11. Whilst the 
growth of nanophytoplankton at the Shelf was notably higher at 0.69 ± 0.09 d-1, grazing 
was also elevated which resulted in a NGR similar to that of picophytoplankton and 
nanophytoplankton at the Slope and Ice edge.  Average NGRs varied little across 
stations, with an average of -0.2 ± 0.02 d-1 indicating that microzooplankton grazing 
resulted in decreases in phytoplankton communities.   
 
3.11. Bacterioplankton  
 
Bacterioplankton abundances in our study were comparable with other areas 
of the Arctic Ocean (Table 10). Our only significant rate for bacteria was a growth rate 
of 0.2 ± 0.02 d-1 nearest to the Mackenzie River at the Shelf, most likely due to riverine 
inputs of dissolved organic matter (Garneau, Vincent, Alonso-Saez, Gratton, & Lovejoy, 
2006; Vallieres, Retamal, Ramlal, Osburn, & Vincent, 2008). The lack of significant 
growth rates at other stations may be due to the low temperatures controlling 
bacterial growth (Pomeroy & Wiebe, 2001). Additionally, as both growth and grazing 
on bacterial were non-significant at Slope and Ice edge locations (Table 9), we suspect 
that DOC availability may also be suboptimal and limiting growth. Wang et al., (2006) 
provide data to support this theory as their study found highest DOC concentrations 
over concentrations over shelf regions. Our significant bacteria growth rate in the 
vicinity of riverine discharge suggests that if climate change leads to predicted 
increases in temperature and macronutrient poor run off, leading to increases in DOC 
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concentrations (Dittmar & Kattner, 2003; McLaughlin et al., 2004; McLaughlin et al., 
2009; Perovich, Richter-Menge, Jones, & Light, 2008), bacteria are likely to become 
more active and persistent in the Arctic (Ardyna, Gosselin, Michel, Poulin, & Tremblay, 
2011; Kirchman, et al., 2009; Opsahl, et al., 1999; Shen, Fichot, & Benner, 2012; Woo 
& Thorne, 2003). Higher bacterial activity may increase bacterial respiration and 
therefore CO2 production (Rivkin & Legendre, 2001). In conjunction with increases of 
bacteria the microzooplankton assemblage may potentially shift towards 
bacterivorous species with implications for higher trophic levels.  
 
 
 
3.12. Microzooplankton grazing impact 
 
Our grazing rates were similar to those reported previously (Table 11). Our 
estimations of microzooplankton biomass appear to be in line with the findings of 
others. Our assays had an average microzooplankton biomass of 11.70 µg C L-1, similar 
to that of Sherr et al. (2009) of 13 µg C L-1 during spring and summer 2004.  Viral lysis 
may account for some losses we attribute to microzooplankton grazing, however 
spatial and seasonal virus abundances have been shown to be highly variable (Payet 
& Suttle, 2008) and a study of the Arctic Ocean sub-surface layer concluded very little 
production was lost due to viral lysis (Steward, Fandino, Hollibaugh, Whitledge, & 
Azam, 2007). As such we are confident viral lysis played a minimal role in our assays.  
 
Campbell et al. (2009) carried out concurrent mesozooplankton grazing 
experiments alongside microzooplankton dilution assays and showed that 
mesozooplankton preferentially grazed on microzooplankton over phytoplankton 
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(Merrell & Stoecker, 1998; Olson, Lessard, Wong, & Bernhardt, 2006). It is possible 
that in situ mesozooplankton grazing cuts short the accumulations of 
microzooplankton, enough to limit their grazing impact on bacteria and 
phytoplankton, therefore our grazing data may represent the higher range of losses 
attributed to microzooplankton at study locations.  
 
Primary production and phytoplankton biomass in the Western Arctic has 
been traditionally dominated by nanophytoplankton, especially ice and pelagic 
diatoms (Gosselin, Levasseur, Wheeler, Horner, & Booth, 1997). However, warming 
and freshening of the surface layer is leading to the displacement of large 
nanophytoplankton species by smaller picophytoplankton which are more efficient at 
utilising reduced macronutrient concentrations (Tremblay et al., 2012). While the 
notion of these shifts and potential bottom up effects occurring is becoming accepted, 
the exact rates remain unclear. Therefore our study adds valuable temporal and 
spatial growth and loss data to a limited data set (Table 11).   
 
 
Microzooplankton grazed 111 – 123% of phytoplankton potential production 
and 10 – 122% of potential standing stocks across sampling locations (Table 9). The 
wider biogeochemical implications of %Pp, %Ps and grazing rates (Table 9) from our 
study suggests an efficient link between picophytoplankton, nanophytoplankton and 
the microbial food web (Verity, et al., 2002). Our assays showed that 
microzooplankton obtained most of their nutrition from nanophytoplankton biomass 
at Shelf, Slope and Ice edge locations (Figure 13) and did not play a substantial role in 
the regulation of bacterioplankton and picophytoplankton biomass. Furthermore, RPI 
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indicate that microzooplankton capable of preying upon nanophytoplankton did so in 
proportion to their in situ abundances.  
   
3.13. Conclusions 
 
In this study we found microzooplankton obtained the majority of their 
nutrition from nanophytoplankton and are capable of reducing nanophytoplankton 
biomass at Shelf, Slope and Ice edge locations. The predicted changing Arctic 
environment will have a significant effect on microbial dynamics, with benefit to 
smaller cells and heterotrophic bacterioplankton. As such, increased C cycling through 
the microbial web will cause changes through trophic levels from mesozooplankton 
and fish to marine mammals. The temporal and spatial nature of our data may allow 
the elucidation of inherent interannual and annual variability to enduring change in 
the Arctic Ocean.   
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Section 4 
 
 
 
 
The role of microzooplankton grazing in the 
cycling of biogenic particulate trace elements in 
the high latitude North Atlantic 
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4. Introduction 
 
The high latitude North Atlantic is an oceanographically diverse region, 
consisting of the Irminger Sea, Reykjanes Ridge and Icelandic Basin.  These areas are 
influenced by waters of Polar, sub Polar and Tropical origins (Holliday et al., 2006; 
Read, 2001). Work by Moore et al. (2006) reported observations of Fe stress on the 
resident phytoplankton community and it appears summer time conditions in the high 
latitude North Atlantic are comparable to those in the classical HNLC regions 
(Behrenfeld, Bale, Kolber, Aiken, & Falkowski, 1996; Blain et al., 2004; Frew et al., 
2006; Sarthou, et al., 2003). Additionally, residual nitrate and Fe limitation appear to 
be of a temporal nature in response to aeolian Fe supply (Moore, et al., 2006).   
 
Productivity in HNLC regions is usually attributed to bottom up limitation, 
however there is evidence that microzooplankton grazing can play an important role 
in controlling phytoplankton and bacterioplankton biomass (Irigoien, Flynn, & Harris, 
2005). The average percentage of primary production removed by microzooplankton 
grazing in coastal and oceanic regions is often in the range of 70% to 80% (Calbet & 
Landry, 2004). However, given the importance of microzooplankton grazing as a top 
down control of phytoplankton and bacterioplankton biomass, little is known about 
their contribution to the microbial standing stocks in the high latitude North Atlantic 
(Calbet & Landry, 2004). Furthermore, considering current interest in geoengineering, 
it is essential to understand the consequences of Fe enrichment for C and trace 
element cycling at the microbial level (de Baar, Gerringa, Laan, & Timmermans, 2008; 
I. S. Jones & Young, 2009; Williamson et al., 2012). In many oceanic regions, primary 
production, species composition, and the trophic structure of microbial communities 
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are controlled by light and nutrients (N, P, and Si) (Graziano, Geider, Li, & Olaizola, 
1996; Nelson, Brzezinski, Sigmon, & Franck, 2001; Wu, Sunda, Boyle, & Karl, 2000). 
However, there is now substantial evidence that it is the balance of nutrient availability 
and grazing pressure which plays a critical role in regulating primary productivity, 
species composition, and the trophic structure of microbial communities (Boyd, et al., 
2000; Coale, et al., 1996; Cushing, 1990; Irigoien, et al., 2005; J. H. Martin et al., 1994; 
Smetacek, Assmy, & Henjes, 2004).  
 
 Microzooplankton grazing activity influences biomass, C and trace element 
flow, and export (Barbeau, Kujawinski, et al., 2001; Calbet & Landry, 2004; Dalbec & 
Twining, 2009). Comparison of labile Fe:C ratios in sinking particles with phytoplankton 
Fe:C ratios has pointed to the preferential recycling of Fe in the upper water column 
(Planquette, Fones, Statham, & Morris, 2009), which is likely due to microzooplankton 
grazing. Furthermore, laboratory studies have demonstrated the regeneration of trace 
elements from phytoplankton and bacteria during microzooplankton grazing. A key 
consequence of grazer mediated remineralisation is its ability to transform and 
maintain bioavailable elements in the surface ocean as opposed to them sinking out 
on heavier particles. Regeneration into the dissolved phase increases the 
bioavailability of these elements (Hutchins & Bruland, 1994; Twiss & Campbell, 1995; 
Twiss, et al., 1996) and studies in HNLC regions suggest recycling of Fe mediated by 
microzooplankton grazing may be a key parameter in regulating primary productivity 
(Barbeau, Kujawinski, et al., 2001; Landry et al., 1997). Whilst we have a good 
understanding about dissolved trace element concentrations (Aparicio, Duarte, & 
Tovar-Sanchez, 2012; Klunder, Laan, Middag, de Baar, & Bakker, 2012), little is known 
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of the effects of microzooplankton grazing on the biogeochemistry of particulate trace 
elements. 
 
 To date, there has been no comprehensive study of the role of 
microzooplankton grazing in regulating in situ phytoplankton and bacterioplankton 
parallel to Fe enrichment assays. While the importance of both microzooplankton 
grazing and particulate trace element cycling in the oceans attracts much interest for 
global C budgets and models predicting the oceans response to climate change (Calbet 
& Landry, 2004; Morel & Price, 2003; Raven & Falkowski, 1999), there are no detailed 
studies on the role of microzooplankton grazing in biogenic particulate trace element 
cycling in HNLC regions. This leads to the questions in the high latitude North Atlantic: 
 
(1) To what extent does microzooplankton grazing pressure control 
phytoplankton and bacterioplankton biomass?  
(2) What role does microzooplankton grazing play in the cycling of particulate 
trace elements and C? 
(3) How would microzooplankton and the microbial community respond to Fe 
enrichment?  
(4) What would be the consequences of Fe fertilisation for the fates of C and trace 
elements? 
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Methodology 
4.1. Study sites 
 
Modified dilution assays were carried out during spring and summer 2010 on 
board R.R.S. Discovery, during cruises D350, D351 and D354 in the high latitude 
Atlantic Ocean. Table 12 and Figure 14 display details of the 6 stations that were 
sampled at depths of 5 - 30 m, between 59 and 63 oN and 19 to 41 oW.  
 
 
Figure 14. Chart of sampling station locations where in situ and Fe enriched experiments were carried 
out during summer 2010. 
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4.2. Assay design 
 
Assays were conducted in duplicate, with one dilution series representing the 
in situ conditions (control) and the other enriched with the addition of 600 µL of 20 
µM FeCl3 to a final target concentration of 2 nM. This enrichment was identical as other 
experiments on board (Ryan-Keogh et al., 2013). Bottles were incubated in on deck 
incubators for 48 hours in circulated seawater at ambient irradiances and water 
temperatures (±3 oC of sea surface).  
 
4.3 Sample collection and analysis 
 
Vertical profiles were determined using a General oceanic CTD System. All 
manipulations and sampling was conducted in a containerised, trace metal clean 
laboratory, follow strict contamination reduction protocols (Henderson et al., 2007).   
 
Dissolved Fe samples were collected at the beginning of each assay. Filtered 
samples were collected in 125 mL, low density polyurethane bottles before 
acidification to pH~2 with HNO3 (Romil UpA, Cambridge, UK). Samples were analysed 
on board using luminol Fe3+ chemiluminescence (H. Obata, Karatani, Matsui, & 
Nakayama, 1997). 
 
Results 
4.4. Hydrographic data 
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Initial oceanographic conditions are displayed in Table 13. Surface water 
temperatures ranged from 6.38 °C in the Irminger Basin, to 12.64 °C over the Reykjanes 
Ridge. There was on average a 5 µM reduction of N from ~13 µM during May to ~6 µM 
in July in Irminger and Reykjanes Ridge regions. The lowest concentration of N was 
2.67 µM in August over the Reykjanes Ridge. Phosphate showed a similar temporal 
trend of reduction into July/August for both Irminger Basin and Reykjanes Ridge 
regions. Likewise, Si concentrations decreased from May to July/August. Dissolved Fe 
concentrations were low (average 0.13 nM) and decreased by 0.06 nM from May to 
July/August. Low chlorophyll a (0.36 – 1.24 µg L-1) and macronutrient concentrations 
(N = 2.67 – 13.76 µM; P = 0.17 – 0.97 µM; Si = 0.95 – 5.38 µM) indicated oligotrophic 
conditions across stations, particularly in July/August (Table 13 and Table 14). 
 
4.5. Microbial standing stocks 
  
Abundances and standing stocks in surface waters at the stations sampled are 
displayed in Table 14. Chlorophyll a concentrations ranged from 0.36 – 1.24 µg L-1. 
Lowest chlorophyll a concentrations were near the central Icelandic (0.36 µg L-1) and 
Irminger Basins (0.52 µg L-1). The highest chlorophyll a concentration was encountered 
at Station 5 (1.24 µg L-1). Bacterial abundance increased from May (5.53 x 105 cells L-1)  
to July/August (1.10 x 106 cells L-1) in the Irminger Basin and increased from 7.99 x 105 
cells L-1 to 3.03 x 106 cells L-1 over the Reykjanes Ridge. Ciliate abundance ranged 1.5 x 
104 – 4.5 x 104 cells L-1. Dinoflagellates were consistently numerically dominant 
throughout the assays at 1.8 x 104 – 1.4 x 105 cells L-1. In general ciliates accounted for 
21 – 45% of the microzooplankton community, whilst dinoflagellates comprised 55 – 
79% of the total microzooplankton cell count.  
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 Total microbial biomass (bacteria + phytoplankton) varied little between 
stations (33 – 95 µg C L-1). Phytoplankton dominated microbial biomass at almost all 
sampling stations, representing 61 – 78% of the total (phytoplankton + bacterial) 
microbial C (Table 15). An exception to this trend was seen at Station 6 where bacteria 
dominated, making up 64% of microbial biomass (total 95 µg C L-1).  
 
4.6. Microzooplankton grazing 
 
Upwards of 70% of regression slopes of bacteria and phytoplankton for AGR 
versus ADF were negative and significantly different from zero, indicating significant 
grazing rates (Table 16 and Table 17). The remaining regressions with positive slopes 
were mainly from Stations 1 and 2, in the Irminger and Reykjanes regions, respectively. 
Iron enrichment assays had a greater number of significant results (83%), compared 
to that of unamended control assays (66%) (Table 17).   
 
Trends of growth (µ), grazing (g) and net growth rates (NGR) of bacteria and 
phytoplankton differed spatially and temporally (Table 16). Stations 1 and 2 had no 
significant µ or g for bacteria or phytoplankton. Bacterial g was higher (range 0.28 – 
0.49 d-1) in Irminger and Reykjanes regions later in the year. Microzooplankton g 
accounted for an average loss of 91% of potential bacterial production and 35% of 
standing bacterial stocks. As such, the ingestion of C from bacterial was 8 – 17 µg L-1 d-
1 at stations 3 – 6. In contrast, the daily ingestion of C from phytoplankton at all stations 
except 3 (34.32 µg L-1 d-1) was not significant.  
 
101 
 
In general, Fe enrichment increased rates of µ, g, percentage of production 
ingested, percentage of stock ingested and ingestion of microbial C by a factor of 1 – 
3 (Table 17). For bacteria, both µ and g increased proportionally after enrichment, 
whereas for phytoplankton, g doubled (Figure 15). While the average NGR of bacteria 
increased to 0.06 d-1 in response the addition of Fe, that of phytoplankton halved (0.08 
d-1) (Table 17). This resulted in an increase from 22% to 79% in potential production 
ingested and 29% to 51% of potential stock grazed of phytoplankton. A visual example 
of the relationships between µ, g and NGR for station 8 in the Irminger Basin is shown 
in Figure 15. Figure 16 compares in situ and Fe enriched C ingestion rates. On average, 
ingestion of microbial C from bacteria increased two fold to 12 µg L-1 d-1, whilst that of 
phytoplankton nearly quadrupled from 6  to 21 µg L-1 d-1. 
 
Analysis of covariance was employed to test for significant differences in 
grazing rates between unamended and Fe enriched assays at each station where 
significant grazing rates were observed. At station 5, the rate of g on phytoplankton 
was significantly higher than that on bacteria (F1,3= 68.18, P= 0.004) between 
unamended and Fe enriched assays. Bacteria g also had a significant difference (F1,7= 
14.24, P= 0.01) at station 6 between unamended and Fe enriched assays. To examine 
the effect of temperature on µ rates of phytoplankton and bacteria we plotted µ again 
temperate. There was no correlation for phytoplankton (r2 = 0.2, P= 0.37) or bacteria 
(r2 = 0, P= 0.98).  
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Figure 15. Example data from station 5 used as a visual comparisons between (a) bacteria and (b) 
phytoplankton growth (µ), grazing (g) and net growth rates (NGR), in controls and after Fe enrichment. 
Errors bars represent the standard error. 
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Figure 16. Comparison of total microbial C ingestion between in situ and Fe enriched conditions. n/s = not 
significant. 
 
 
  
 In this study, RPIs were variable (range 0 - 0.9). RPIs of bacteria in unamended 
and Fe enriched assays showed a small difference (0.16 versus 0.20). There was a 
threefold increase from 0.1 to 0.3 for phytoplankton in Fe enriched assays. However, 
given the errors associated with RPI calculations, changes are most probably not 
significant.  
  
 We compared differences in macronutrient concentrations between 
unamended and Fe enriched assays over the 48 hour incubation period. Average N 
drawdown increased from 0.9 µM to 1.3 µM after Fe addition. Si showed no change in 
average drawdown rates. Whereas P showed an average drawdown of 0.1 µM in the 
control, but 0.3 µM increase in Fe enriched assays. Overall, there was no significant 
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difference in drawdown rates after Fe enrichment for N (t-test, P = 0.42), Si (t-test, P 
= 0.46) or P (t-test, P = 0.31). 
 
4.7. Biogenic particulate trace elements 
 
Concentrations of trace elements on particles showed a similar trend at all 
stations with trace elements ordered in decreasing concentration Al > Fe> Mn> Ni> 
Cu> Co> Cd> Pb. The total amount of trace elements associated with 0.2 – 200 µm 
particles was similar across all stations ranging from 0.01 nM to 0.03 nM. Table 18, 
Table 19 and Table 20 display the size fractionated distribution of trace elements 
associated with biogenic particles. The proportion to which each size fraction 
contributed to the total concentration of biogenic particulate trace elements differed 
temporally and spatially (Figure 17). The Irminger basin was dominated by 0.2 – 1 µm 
particles containing 48 – 100% of the biogenic trace element quota in May (Station 1), 
whilst in July the region (Stations 4 and 5) had an increase of 10 – 200 µm particles 
which accounted for approximately 40% of the total trace element concentrations. 
Particulate trace elements in the 1 – 10 µm fraction increased over the Reykjanes 
Ridge between May (Station 2) to August (Station 6) by 27%. The Icelandic Basin 
(Station 3) had a similar distribution to that of the Reykjanes Ridge (Station 2) region 
(Figure 17). 
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We pooled size fractioned (0.2 – 200 µm) data to give a total for each element 
and treated the total particulate trace elements as a prey item and determined µ and 
g rates from the AGR versus ADF, as described previously for bacteria and 
phytoplankton (Section 2). Of the unamended assays, Station 1 only had a significant 
µ for Mn (2.15 ± 0.38 d-1) and rates for all other elements were non-significant (P> 0.1). 
Station 3 had both significant µ and g for Mn and Fe, resulting in NGRs of -0.58 ± 1.12 
d-1 and -0.50 ± 1.18 d-1, respectively. Stations 4, 5 and 6 had no significant µ or g rates 
for the total particulate trace element data. There were few significant growth and 
grazing rates of total particulate trace elements in parallel Fe enrichment assays. 
Station 4 contained the only significant µ rate, of 0.51 ± 0.2 d-1 for Co.     
 
 Subsequently, element specific growth and loss rates were examined for each 
individual size fraction in both unamended and Fe enriched assays. Corresponding 
model I regression analysis results are displayed in Table 21 - Table 30. Unamended 
assays in the Irminger region (Stations 1, 4, 5) had significant µ (range = 0.16 – 2.52 d-
Figure 17. Distribution of biogenic particulate trace elements across size fractions at stations. 
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1) and g (range = 0.13 – 3.88 d-1) rates, predominantly in the 0.2 – 1 µm (Table 21, Table 
25 and Table 27). NGRs in the Irminger region were negative for all elements in all size 
fractions (range -1.39 - -0.06 d-1). In comparison,  in the Fe enrichment assays, only 
particles in the 10 – 200 µm had significant rates (Table 22, Table 26 and Table 30), 
with a higher average NGR compared to unamended assays (-0.67 d-1 vs. -0.96 d-1). 
Assays in the Icelandic Basin (Station 3) had the majority of significant µ (range 0.69– 
1.73 d-1) and g (range 0.39 ± 0.08 – 2.96 ± 0.99 d-1) rates within the 0.2 – 1 µm particle 
range, with the addition of µ and g for 10 – 200 µm Fe (Table 23). However, there were 
no significant results in the Fe enriched assay (Table 24). Average NGRs in the Icelandic 
basin were similar to that of the Irminger region (-0.75 d-1). Assays at the Reykjanes 
Ridge had only one significant rate in unamended assays (Table 29). Yet in the Fe 
enrichment assay (Table 30), 75% of trace elements in the 0.2 – 1 µm fraction had 
significant µ and g rates and NGRs ranging from -1.47 - 0.09 d-1 
 
We used Equations 7 and 8 to assess the microzooplankton grazing impact on 
the potential production (%Pp) and standing stocks (%Ps) of biogenic particulate trace 
elements in each size fraction. The spread of significant %Pp and %Ps data were 
reflected from the clustering of significant µ and g data in Tables 21 – 30. Assays in the 
Irminger region (Stations 1, 4 and 5) had an average 119 %Pp and 368 %Ps (Table 31, 
Table 33 and Table 34). Fe enrichment increased average %Pp to 136% but lowered 
average %Ps to 222%. The Icelandic Basin region (Station 3) displayed a similar trend 
in unamended assays with average %Pp and %Ps of 122% and 391%, respectively 
(Table 32), whereas the Fe enrichment assay in the Icelandic Basin had no significant 
rates for %Pp and %Ps. Unamended assays at the Reykjanes Ridge region had the 
lowest average %Pp (111%) and %Ps (115%) data from all of our regions (Table 35). In 
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line with the Icelandic region, Fe enrichment resulted in no significant (P<0.1) %Pp and 
%Ps rates.  
 
We utilised equation 9 to determine rates of trace element specific losses 
from the microzooplankton grazing of biogenic particles (Gifford, 1988; Neuer & 
Cowles, 1994). Table 36 - Table 38 display element specific rates of microzooplankton 
ingestion which were calculated by the difference in elemental uptake from particles 
in the absence and presence of microzooplankton. In the Irminger region (Stations 1, 
4, and 5), significant ingestion rates were from 0.2 – 1 µm particles in unamended 
assays (average 463 fM day-1). Following Fe enrichment, the only significant losses 
were from 1 – 200 µm particles (Table 36 and Table 37). Overall, these ingestion rates 
were lower than those in unamended assays in the Irminger region (average 134 fM 
day-1). The Icelandic Basin region (Station 3) had significant losses from all size 
fractions in unamended assays (Table 36b) and Fe ingestion rates from 0.2 – 1 µm and 
10 – 200 µm particles were the highest of all locations (total 4148 fM day-1). There 
were however, no significant ingestion rates after Fe enrichment for any particle 
fractions in the Icelandic Basin region. The Reykjanes Ridge (Station 6) region 
contained only one significant ingestion rate for Pb on 1 – 10 µm particles (1.39 fM 
day-1). However, Fe enrichment resulted in 63% of the trace elements from the 0.2 – 
1 µm fraction having significant ingestion rates. 
 
 Comparison of significant ingestion rates (Table 36 - Table 38) showed Mn and 
Al had similar rates across size fractions and stations in unamended assays (CV= 26% 
and 18% respectively). Iron, Cu and Pb ingestion rates were more variable in 
unamended assays (CVs >60%). In Fe enrichment assays, Mn and Cu ingestion rates 
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ranged by approximately 6 times, whereas Fe ingestion rates were more similar, with 
a CV of 28%.   
 
 In comparing grazing relative to availability, we extended Equation 8 and 
applied it to each element to assess the degree to which each size fraction was 
preferentially grazed. This study had low RPIs, ranging 0.1 – 0.7. In general, the 
enrichment of Fe in assays created a switch in RPIs from the 0.2 – 1 µm fraction to the 
1 – 10 µm and 10 – 200 µm fractions (Figure 18, Figure 19 and Figure 20). Overall, 
changes in trace element biogeochemistry from Fe enriched assays (i.e. µ, g, %Pp, %Ps) 
mirrored that of the changes observed in phytoplankton and bacterioplankton 
biomass after Fe enrichment. 
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Discussion 
4.8. Microzooplankton grazing 
  
Dominance of small phytoplankton is typical of many oceanic systems, especially 
where nutrient levels are low (Boyd & Harrison, 1999). Given that small phytoplankton 
and bacteria are ineffectively, or unable to be captured by mesozooplankton, it was 
essential to focus on microzooplankton as the main predators of small phytoplankton 
and bacterioplankton (Irigoien, et al., 2005). In all regions, the average unamended 
phytoplankton growth rate (0.19 ± 0.13 d-1, Table 16) was three times lower than the 
average of 0.59 ± 0.02 d-1 for oceanic regions, reported in a review by Calbet and 
Figure 20. Relative preference indices for microzooplankton grazing in 
unamended and Fe enriched assays at Station 6 (a & b). 
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Landry (2004). The average phytoplankton grazing rate in the Irminger, Reykjanes and 
Icelandic regions of 0.19 ± 0.13 d-1 agrees well with the average of 0.16 ± 0.01 d-1, 
reported for a HNLC region (Calbert and Landry, 2004). It appears that the rates of 
growth and grazing in this study are more comparable to other studies in high latitude 
regions (growth 0 – 0.4 d-1, grazing 0 - 0.16 d-1), than those of average oceanic rates 
(Archer, Verity, & Stefels, 2000; E. B. Sherr, et al., 2009). At stations 3 – 6, 
microzooplankton consumed 97% - 165% of potential bacteria production and 29% - 
65% of bacterial standing stocks. Ocean Station Papa in the high latitude North Pacific 
had congruent rates of potential production ingestion (70% - 185%) and bacterial stock 
ingestion (21% - 59%) by microzooplankton (Rivkin, et al., 1999). Our results are in line 
with those of Reckermann and Veldhuis (1997) and show that on average, 
microzooplankton ingest prey in proportion to their availability. 
 
Bacterivory accounted for 100% of the ingested C at Stations 4 – 6, as no 
significant grazing on phytoplankton was observed. Only the Icelandic basin region had 
a dominance of C ingestion by herbivory. Interestingly, the Icelandic basin displayed 
some assay characteristics similar to that of stations that were located under the ash 
plume from Eyjafjallajökull (Section 5). Our findings support other observations and 
theoretical models that suggest bacteria comprise a significant large fraction of the C 
ingested by microzooplankton grazing in high latitude and oligotrophic systems 
(Pernthaler, 2005; E. B. Sherr & Sherr, 2002; Thingstad & Lignell, 1997). As such, in this 
area microzooplankton are important in the top down control of bacterioplankton and 
as a trophic link repackaging C from non-sinking particles into ones that are effectively 
ingested and potentially exported by metazoan grazers.   
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 In May, microzooplankton grazing was not a significant top down pressure on 
phytoplankton and bacterioplankton biomass in the Irminger and Reykjanes Ridge 
regions (Table 16). However, in July and August, microzooplankton grazing in these 
two regions was responsible for the removal of 103 – 165% of potential bacterial 
production and 29 – 47% of potential bacterial stock. Therefore, at that time of year, 
microzooplankton played an important role in the top down control of 
bacterioplankton and cycling of C through the microbial web in the Irminger and 
Reykjanes Ridge regions. Grazing was important in the Icelandic Basin, as 
microzooplankton consumed 134% of potential phytoplankton production and 173% 
of potential phytoplankton stocks. The addition of Fe in assays conducted in all regions 
produced notable changes in the growth and grazing of bacteria and phytoplankton. 
It appeared that temperature was not an important factor in relation to phytoplankton 
and bacteria growth rates as there was no correlation for either.  
 
Considering the numerical dominance of dinoflagellates at all of our study 
sites and their ability to graze a large range of prey particles (Schnepf & Elbrächter, 
1992), our results show microzooplankton have the ability to respond quickly (within 
48 hr) to changes in phytoplankton and bacterioplankton biomass in artificially Fe 
enriched conditions. Our phytoplankton growth rate (0.83 ± 0.23) from the Icelandic 
Basin is similar to that of the unamended controls (0.60 ± 0.09) reported by Landry et 
al. (2000) outside of the Fe enriched patch in the Equatorial Pacific. Overall, Fe 
enrichment increased bacterial rates of growth, grazing and net growth rates by a 
factor of 1.5. The response of phytoplankton to Fe enrichment was even stronger and 
phytoplankton growth rates increased by 2 - 4 times. Significant increases in grazing 
rates (ANCOVA, P<0.05) in response to Fe enrichment resulted in a decrease in 
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phytoplankton net growth rates. In comparison to mesocale Fe enrichment 
experiments, our phytoplankton growth response due to Fe enrichment was a third of 
that seen in the Equatorial Pacific (Coale, et al., 1996). Our lower results are explained 
by the lag seen in mesoscale enrichment experiments (3 - 9 days) before maximal 
phytoplankton growth and microzooplankton grazing are observed compared to the 
length of our assays (2 days). These results are significant because they demonstrate 
microzooplankton are capable of rapidly grazing down any biomass that is stimulated 
by Fe addition. Therefore supposed stimulation of the biological pump by increased 
phytoplankton growth is less than would be expected. Microzooplankton grazing 
effects presented here demonstrate the significance of microzooplankton grazing 
when visually compared as in Figure 21.  
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Figure 21. Generalised visual comparison of the difference in net phytoplankton biomass expected when 
(a) no microzooplankton grazing data is incorporated in Fe enrichment experiments. Then the significance 
of microzooplankton grazing on net phytoplankton growth during Fe enrichment (b), as demonstrated 
from our work presented here.   
 
Oligotrophic and Fe deplete conditions observed in the Irminger and 
Reykjanes Ridge regions, coupled with the increase in phytoplankton and bacteria 
growth rates after Fe enrichment our data agrees well with the hypothesis that the 
North Atlantic is seasonally Fe limited (Moore, et al., 2006). Additionally, our data also 
shows that microzooplankton grazing plays an important role in the regulation of 
bacterioplankton biomass. The Icelandic Basin was not affected by Fe limitation to the 
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same extent as that of Irminger and Reykjanes Ridge regions, and the low biomass in 
the Icelandic Basin is likely due to the strong top down control of microzooplankton 
grazing on phytoplankton and bacterial stocks (Table 16). Inputs of Fe in the general 
region from Eyjafjallajökull 2 months previously may provide a likely explanation 
(Section 5) for high growth and grazing rates.  
 
4.9. Ingestion of biogenic particulate trace elements 
  
The low concentrations of particulate trace elements in this study (Table 18, 
Table 19 and Table 20) reflected previously observed patterns of low atmospheric 
inputs and low biomass in the Atlantic Ocean (Barrett et al., 2012; Dammshauser, 
Wagener, Garbe-Schonberg, & Croot, 2013; Schulz et al., 2012). In keeping with Martin 
and Knauer (1973), the concentrations of trace elements on particles displayed the 
same pattern to that of biological particles, with Al and Fe concentrations being 1 – 3 
orders of magnitude higher than that of Mn, Co, Cu, Ni, Pb and Cd (Table 18, Table 19 
and Table 20). The trace element inventory across stations was frequently 
concentrated in the 0.2 – 10 µm fraction (Figure 17). The small size and large surface 
area to volume ratio of 0.2 – 10 µm particles make them particularly well suited to 
effectively scavenge trace elements in an environment where dissolved 
concentrations are very low. During May, up to 95% of particulate trace elements were 
in the 0.2 – 10 µm fraction, whereas during July to August, 10 – 200 µm particles 
became increasingly important to the particulate trace element inventory, accounting 
for ~40% of the elemental quota. The switch to larger particles is consistent with the 
observed increases in chlorophyll a concentrations and the succession of larger 
phytoplankton through the boreal summer (Barbeau, Kujawinski, et al., 2001; T. Lee, 
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Barg, Lal, & Azam, 1993; Mackenzie & Garrels, 1966). Bacteria and phytoplankton 
within the 0.2 – 10 µm size fraction are known to metabolically express 
polysaccharides and proteoglycans onto their cell surfaces, which have high affinities 
for trace elements (Decho, 1990). As such, when prey items are ingested by 
microzooplankton these exopolymers (and adsorbed elements) may represent an 
important vehicle for trace elements (Azam, Smith, & Carlucci, 1992; Mari, Migon, & 
Nicolas, 2009).   
 
 There was no evidence of microzooplankton prey preference for any size 
fractions of particulate trace metals examined (RPI = 0.1 – 0.7, Figure 18, Figure 19 and 
Figure 20).  Previous studies have postulated that microzooplankton may selectively 
graze prey cells rich in trace elements in HNLC regions, especially if they themselves 
may be limited by trace elements (Planquette, et al., 2009; van Hannen, et al., 1999; 
Verity, 1991a, 1991b), however we found no evidence to support the preferential 
grazing of any size fractions of particles.  
 
Direct comparison with previous studies on the microzooplankton grazing 
effects on trace elements is difficult because workers often used cultured model 
microbial systems and radiotracers. Be that as it may, current interest in Fe 
biogeochemistry has resulted in published data sets for Fe uptake rates regarding the 
size fractionated plankton community. These data can be compared to our size 
fractionated Fe growth rates (Sunda & Huntsman, 1995b; Sunda, Swift, & Huntsman, 
1991). The Fe uptake rate of 1 - 5 µm particles in a HNLC region of the subarctic Pacific 
was 0.008 ± 0.003 pM hr-1 (Schmidt & Hutchins 1999) and similar to the Fe growth rate 
of 0.003 ± 0.003 pM hr-1 for 1 – 10 µm particles in our study (Table 36 - Table 38). Twiss 
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et al. (1996) used the Landry and Hassett (1982) dilution method with 109Cd labelled 
Synechococcus in a shortened microbial food chain and found grazing rates of 
particulate Cd (0.14 d-1) that were approximately a third of those reported here for the 
0.2 – 1 µm size fraction (Table 21 - Table 30). We assume that this difference was due 
to the lower concentration of microzooplankton in our assays and use of 
ethylenediaminetetraacetic acid as a dissolved Cd trap by Twiss et al. (1996). Their 
dissolved trap prevented regenerated Cd from being incorporated into other biogenic 
particles for further cycling. In addition, the high microbiological and chemical 
concentrations used in model systems should be used with caution when 
extrapolating to oceanic systems (Barbeau & Moffett, 1998; Barbeau & Moffett, 2000; 
Morel & Price, 2003; Twining & Fisher, 2004). 
 
 At each station, there was a shift from significant growth and grazing in the 
smaller (0.2 – 1 µm) fraction to the larger fractions (1 – 200 µm) in response to Fe 
enrichment (Table 21 - Table 35). For example, at Stations 1 and 5, Fe enrichment 
caused a shift from significant growth and grazing rates in the 0.2 - 1 µm fraction, to 
that of the 10 – 200 µm fraction. Station 4 was similar, with a shift from 0.2 – 1 µm to 
1 – 10 µm particles, whereas Station 6 had no significant growth and grazing rates in 
the unamended assay, but  significant rates for 0.2 - 1 µm particles after Fe 
enrichment. Resulting NGRs of Fe enrichment assays were similar to that of the 
unamended assays, lower NGRs suggest a decrease in particulate concentrations. 
These results suggest microzooplankton are capable of responding rapidly to increases 
in particulate trace element concentrations in response to Fe enrichment, so that 
NGRs remain the same. Thus, although Fe enrichment may increase incorporation of 
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trace elements into biological particulates, the total pool of particulate trace elements 
remains the same due to the increased ingestion by microzooplankton.   
 
The rapid response of microzooplankton to Fe-induced increases in biomass 
has important implications for the biogeochemical cycling of macronutrients (C, N, P) 
and trace elements. Increased microzooplankton herbivory and bacterivory would 
result in more production being channelled through the microbial loop, therefore 
reducing the quantity of carbon for export and increasing residence time in the upper 
ocean. Grazing also leads to greater remineralisation of macronutrients and trace 
elements, which may continue to fuel bacterial and phytoplankton growth and further 
increase upper ocean residence times.  These results are congruent with responses in 
community structure seen in mesoscale Fe fertilisation experiments where diatom 
cells show the largest increase in abundance relative to initial values (Boyd, et al., 
2000; Coale et al., 2004; Timmermans, van der Wagt, & de Baar, 2004). We suggest 
even small changes in microzooplankton prey abundances (Table 16 and Table 17) and 
particles size during artificially enriched conditions will have a major influence on the 
rates and pathways through which carbon (Figure 16) and trace elements flow.   
  
4.10. Conclusions 
 
To date there have been no detailed studies on the role of microzooplankton 
grazing regarding biogenic particulate trace element cycling in HNLC regions. At the 
beginning of section 4 this led us to the questions stated in italics below. We are now 
able to answer each question in turn below: 
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(1) To what extent does microzooplankton grazing pressure control 
phytoplankton and bacterioplankton biomass?  
 
Microzooplankton grazing pressure was not a significant control of 
phytoplankton or bacterioplankton during May. However, in July and August 
grazing was responsible for the removal of 103 - 165 % of potential bacterial 
production and 29 – 47 % of potential bacterial stock. Therefore at that time 
of year grazing had a significant effect on bacterioplankton biomass. Whereas 
at only one station in the Icelandic Basin did grazing pressure control 
phytoplankton biomass, with 134% of potential production and 173% of 
potential stock being grazed by microzooplankton. As such, grazing did not 
control phytoplankton biomass to a large extent for the majority of sampling 
stations.  
 
(2) What role does microzooplankton grazing play in the cycling of particulate 
trace elements and C? 
 
Microzooplankton grazing plays a significant role in the cycling of both 
particulate trace elements and C. The rate and quantity of this process is 
directly proportional to in situ prey availability and capable of changing rapidly 
with perturbations caused by Fe enrichment. For the first time ever we 
present data from natural communities suggesting that particulate trace 
element cycling by microzooplankton grazing has the potential to reduce the 
pressure of HNLC conditions at the microbial level by increasing the residence 
times of trace elements in the upper ocean, through remineralisation. 
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(3) How would microzooplankton and the microbial community respond to Fe 
enrichment?  
 
Our work demonstrates that microzooplankton occupy an important trophic 
position and are capable of rapidly responding to Fe-induced changes in 
phytoplankton and bacterioplankton biomass. Fe enrichment assays 
demonstrated phytoplankton growth rates and standing stocks were Fe 
limited and as such support the hypothesis that the North Atlantic is a 
seasonally Fe limited HNLC region. Expectations of phytoplankton biomass in 
Fe enriched conditions when microzooplankton grazing is not incorporated 
may differ substantially from that where grazing is integrated (Figure 21). 
Additionally, our results support an increasingly accepted paradigm that 
microbial communities are composed from a background of smaller cells to 
which larger cells accumulate under conditions favourable for growth, such as 
Fe enrichment (Li, 2002; J. H. Martin, et al., 1994; Moore, et al., 2005; Yentsch 
& Phinney, 1989). 
 
(4) What would be the consequences of Fe fertilisation for the fates of C and trace 
elements? 
 
Our data suggest that microzooplankton grazing is an important factor in the 
biogeochemistry of biogenic particulate trace elements. Microzooplankton 
are important predators and exert a strong top down control on 
bacterioplankton and phytoplankton biomass in Fe enriched conditions. If 
increased grazing by microzooplankton is not accounted for in predictions of 
Fe enrichment there may be a dramatic over estimation of stimulated 
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phytoplankton biomass and C sequestration. Grazing by microzooplankton 
increases the residence times in the upper ocean of both Fe and C. A fraction 
of C grazed by microzooplankton is likely to be respired back into CO2.  Our 48 
hour assays began to show enhanced growth in the lag phase and before 
additional Fe had moved from dissolved to particulate phases.  
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Section 5 
 
 
 
 
Effects of Eyjafjallajökull volcanic ash deposition 
upon the microbial food web 
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 5. Introduction 
Volcanic dust deposition has often been stated as a source of Fe to the open 
ocean and an import factor in Fe deposition to HNLC regions (Duggen et al., 2010; 
Langmann, Zaksek, Hort, & Duggen, 2010). However, little field data is available for the 
effects of ash derived Fe deposition on Ocean biogeochemistry. Moreover there are 
currently no data on ash deposition on microzooplankton grazing and C transfer 
through the microbial web. Nonetheless, satellite observations following the eruption 
of Anatahan in 2003 and Kasatochi in 2008 demonstrate enhanced phytoplankton 
growth within the North and Northeast Pacific (Hamme et al., 2010; Lin et al., 2011).  
 
The Icelandic volcano Eyjafjallajökull began effusively erupting on the 20th 
March 2010 with alkali-olivine basalt lava flowing from various vents on the flanks of 
the mountain. Interactions of magma and ice augmented explosive activity and 
generated large proportions of fine ash that was emitted into the atmosphere (Stohl 
et al., 2011). On the 14th of April it entered an explosive phase with the eruption of an 
8 Km high ash plume that was deflected south east by the jet stream across the North 
Atlantic into northern Europe. The total amount of airborne tephra was 270 ± 70 x106 
m3, with 130 ± 50 x106 m3 falling outside of Iceland (Gudmundsson et al., 2012). From 
the 21st May, the effusive eruption began to diminish until October, when although 
still geothermically active, the eruption was declared over (Bagnato et al., 2013).  Our 
sampling period during May coincided with the eruption of Eyjafjallajökull. Stations 
were sampled under the volcanic ash plume from the eruption and as such, provided 
a rare snap shot of oceanic conditions. Until now there has been no data for the effects 
of volcanic ash deposition on microbial ecology and C cycling. As such, for the first time 
we investigated the effects of volcanic ash on the microbial ecology and cycling of C 
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through the microbial food web in comparison to unaffected stations and artificial Fe 
enrichment assays.  
 
Methodology 
5.1. Study sites 
 
Dilution assays were carried out during May 2010 serendipitously while 
undertaking cruises D350 and D351 (Section 4) at Stations A1, A2 and A3 (Table 39). 
However no biogenic particulate trace element data were collected. Here we compare 
the microbial ecology at stations 1 and 2 under both in situ and Fe enriched conditions, 
to that of the microbial ecology at stations A1 - A3 which received ash deposition from 
Eyjafjallajökull’s eruption (Figure 22).   
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5.2. Sample collection and analysis 
 
Samples of ash were collected at sea from approximately 63 oN 18 oW, 65 Km 
from Eyjafjallajökull, underneath the ash plume as ash settled onto sheets of paper. 
Major physical classifications were determined in a settling column 2 m high and 15 
cm in diameter with a flat plate input device. Arrival of ash at the bottom of the column 
was weighed at fixed time intervals. Thus, a frequency distribution of settling duration 
Figure 22. Chart of sampling station locations influenced by ash deposition from the 2010 
Eyjafjallajökull volcanic eruption. 
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was obtained and converted to a settling velocity based on the fall distance. Empirical 
formulae were used for the conversion from fall velocity to size, following the 
methodology of Soulsby (1997), based on a combined viscous plus bluff-body drag law 
for irregular grains (Gibbs, 1972). Additionally, sub-samples of ash were leached as 
mentioned previously with a hydroxylamine hydrochloride/acetic acid solution for 
bioavailable elements (Section 2).   
 
Scanning electron microscopy was performed on a Jeol JSM-6100 unit to 
examine ash particle size and structure. Sample were stuck to electrically conductive, 
C based adhesive discs on aluminium sample stubs. Samples were then coated with a 
Au/Pd mixture using a sputter coater before analysis (Brunk, Collins, & Arro, 1981) 
 
Results 
5.3. Hydrographic data and microbial standing stocks 
 
The highest concentration of Fe (0.28 nM) and lowest concentration of Si (0.79 
µM) was observed under the volcanic ash plume (Table 40). However, due to the 
nutrient auto analyser technician leaving the ship for an emergency, we have no 
nutrient data for A2 and A3. Chlorophyll a concentrations ranged 0.46 - 2.03 µg L-1 with 
the highest concentration coinciding with highest Fe and lowest Si concentrations. 
Average bacteria concentrations were 5.7 x105 cells L-1. In general, ciliates accounted 
for 6% of the microzooplankton community, whilst dinoflagellates comprised 94% of 
the total microzooplankton cell count (Table 41). 
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Total microbial biomass (bacteria + phytoplankton) varied little between 
Stations A2 and A3 (Table 42). Whereas Station A1 had a total microbial biomass ~3 
times greater (124 µg C L-1) than A2 (35 µg C L-1) and A3 (48 µg C L-1). Phytoplankton 
dominated the microbial biomass at all Stations (73 – 90%). Additionally, our lugols 
samples from this area had a plenitude of ~100 µm filamentous phytoplankton. In situ 
bacteria C varied little between stations (9 – 13 µg C L-1). Overall, total microbial C 
ranged from 35 – 124 µg C L-1.  
 
5.4. Microzooplankton grazing  
 
 All regressions for phytoplankton had significant µ and g rates (Table 43). 
Bacteria only had 50% of regressions with significant results. Stations A2 and A3 both 
had significant µ rates for bacteria, while only one station had any significant g (Station 
A3). At all stations, significant rates for bacteria were lower than that of phytoplankton 
µ or g. Phytoplankton µ was significant throughout all stations and ranged from 0.94 
– 1.06 d-1. Phytoplankton g rates were also similar between 0.6 – 1.03 d-1. Average 
NGRs for phytoplankton across Stations A1 – A3 was 0.23 d-1. Bacteria NGRs at station 
A2 and A3 were 0.16 d-1 and 0.21 d-1 respectively. Microzooplankton grazing accounted 
for an 54% of potential bacterial production and 27% of standing bacterial stocks at 
Station A3. Microzooplankton grazing accounted for an average loss of 85% of 
potential phytoplankton production and 168% of standing phytoplankton stocks. As 
such, the microzooplankton ingestion of C from bacteria at station A3 was 3.43 μg C L 
d-1. In contrast, the daily ingestion of C from phytoplankton at Stations A2 and A3 was 
on average 47.91 μg C L d-1. While C ingestion from phytoplankton by 
microzooplankton at Station A1 was ~4 times greater at 191.24 μg C L d-1. We 
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calculated relative preference indices for stations A1 – A3, bacteria had an RPI of 0, 
whereas phytoplankton had an RPI of 0.8. 
 
5.5. Volcanic ash 
 
Mean ash grain size was 1.9 φ (Figure 30). Scanning electron microscope 
images of ash samples at 60 x (Figure 23a) and 130 x (Figure 23b) revealed their 
angularity and an average particle size of 710 ± 0.03 µm in diameter. Leaching and ICP-
MS analysis of ash particles quantified bioavailable trace elements at 413.34 ± 5.30 mg 
kg-1 of Al; 12.56 ± 0.42 mg kg-1 of Mn, 533.43 ± 26.37 mg kg-1 of Fe; 0.39 ± 0.03 mg kg-
1 of Co; 1.44 ± 0.14 mg kg-1 of Ni; 0.41 ± 0.02 mg kg-1 of Cu; 0.01 ± 0.008 mg kg-1 of Cd; 
and 0.12 ± 0.02 mg kg-1 of Pb. 
 
 
Figure 23. Scanning electron micrographs of ash samples at 60x magnification (a) and 130x 
magnification (b). 
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5.6. Discussion 
 
Here we compared the Stations sampled (1 - 6) in section 4, unaffected by ash 
deposition (Table 16), to those (A1 - A3) that received ash deposition from 
Eyjafjallajökull’s eruption (Table 43). There was a significant difference (t-test, P = 0.02) 
in microzooplankton grazing rates between Irminger and Reykjanes regions not 
effected by ash input (no significant rates) and those that received ash deposition 
(average 0.84 d-1). The difference in grazing was reflected with a significant difference 
(t-test, P = 0.02) in ciliate abundance, from an average of 42% of microzooplankton to 
6% in volcano influenced areas. Dinoflagellate abundance mirrored this with a 
significant (t-test, P = 0.02) difference from on average 58% of microzooplankton to 
94% in volcano influenced areas (Table 14 and Table 41). Ash influenced stations 
(Stations A1 – A3) had phytoplankton  growth rates significantly higher (t-test, P = 0.04) 
than those in the Icelandic, Irminger and Reykjanes regions. Phytoplankton growth 
rates were 3 times higher in volcano influenced regions, however, as grazing was also 
elevated, phytoplankton NGRs were not significantly greater than that of Irminger, 
Reykjanes and Icelandic regions (t-test, P=0.72).   
 
Size fractioned bioavailable particulate Fe on ash particles was 1475% higher 
in the 0.2 – 1 µm size fraction compared to stations that did not receive ash inputs. 
Particles in the 1 – 10 µm fraction had elevated concentrations compared to regions 
uninfluenced by ash of approximately 1500% for Mn and Fe; 943% for Co; 3038% for 
Ni and 316% for Cu. Finally, 10 – 200 µm particles had increases in concentrations of 
1715% for Mn; 2732% for Fe; 764% for Co; 5200% for Ni and 300 – 600% for Cu, Cd 
and Pb. Largest increases in particle concentrations were found in the 10 – 200 µm 
fraction (Table 18 - Table 20). Stations A1 – A3 were under the ash plume during the 
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effusive period. Additionally, Station 2 appears to have had low ash input between 5th 
and 18th May 2010. Station 3 was sampled after the effusive period had stopped, but 
was located under where the ash plume had been for the majority of the eruption, 
approximately 40 days previously. The dominance of 10 – 200 µm particles at Station 
2 reflected the input of trace element enriched 290 ± 0.11 µm diameter ash particles. 
We suspect ash influenced stations (A1 – A3) displayed unusual microbial ecology that 
were a result of temporal imbalances in chemical processes due to ash inputs (Table 
16 and Table 43).   
 
 The mixed layer depth, determined as a 0.5 oC change from sea surface 
temperature, was 360 m at Station A2. Using the settling rates of Wiesner (1996), the 
timescale over which bioavailable Al, Fe, Co, Ni, Cu, Cd and Pb leaches into the water 
column is similar to the time taken for particles to sink through the mixed layer - in the 
region of 3 days (Duggen, Croot, Schacht, & Hoffmann, 2007). A period of days is 
suitable for particulate trace elements to become available via a variety of 
mechanisms, including photochemical dissolution (Barbeau, Rue, Bruland, & Butler, 
2001), ligand associated dissolution (K. N. Buck, Lohan, Berger, & Bruland, 2007) 
and/or direct ingestion (Nodwell & Price, 2001). Average phytoplankton growth rates 
were 3 times higher in stations influenced by ash deposition than those outside the 
ash plume (Table 43). Stations 2 and A1 coincidently had a brown hue to the water. It 
is likely that the dominance of dinoflagellates in the volcano influenced regions was 
due to their reportedly high growth rates (Strom, 1991) and their feeding mechanisms, 
which make them voracious predators of larger phytoplankton, and their capability to 
rapidly respond to changes in phytoplankton abundance (Hansen, 1991; Hansen & 
Calado, 1999; E. B. Sherr & Sherr, 2002). The high microzooplankton grazing rates at 
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stations influenced by volcanic ash maintained top down control on the rapidly 
growing phytoplankton and resulted in net growth rates of the phytoplankton 
community that were not significantly different from stations not influenced by ash 
inputs (t-test, P = 0.72). High microzooplankton grazing rates upon phytoplankton 
were mirrored in C ingestion rates. Microzooplankton ingestion of C increased after Fe 
enrichment, by a factor of 3, whereas C ingestion at ash influenced stations was 17 
times greater than Stations 1 – 6 and 6 times greater than Fe enrichment alone (Table 
16, Table 17 and Table 43).  
 
We compared grazing results from Fe enriched assays (Table 17) to grazing 
data from stations A1 – A3 (Table 43). Average bacteria growth (µ = 0.29 ± 0.10 and 
0.33 ± 0.05) and grazing (0.20 ±0.03 and 0.30 ± 0.07) rates were similar in Fe enriched 
assays and at stations A1 – A3. Overall NGRs for bacteria were elevated at ash 
influenced stations due to the variability of NGRs in Fe enriched assays (range -0.11 – 
0.21). %Pp and %ps were comparable for both ash influenced stations and Fe 
enrichment assays. However average microzooplankton C ingestion at ash influenced 
stations (3.43 µg C L d-1) was approximately 3 times less than that of Fe enrichment 
assays (9.76 µg C L d-1). Average phytoplankton growth, grazing, NRGs, %Pp and %Ps 
were all higher by a factor of 2 – 3 at ash influenced stations compared to those from 
Fe enrichment assays. Microzooplankton C ingestion from phytoplankton was higher 
by a factor of 5 at ash influenced stations (95.69 µg C L d-1) compared to those from Fe 
enrichment assays (20.51 µg C L d-1). 
 
Due to the significant Fe input from ash deposition, we compared our 
phytoplankton µ and g rates to those from mesoscale Fe enrichment studies. Our 
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volcano influenced regions phytoplankton growth rates (average 1.08 d-1) compare 
well to those reported during IronExII in the equatorial Pacific (average 1.25 d-1) (Coale, 
et al., 1996). Microzooplankton grazing rates were also similar at our volcano 
influenced regions (average 0.84 d-1) and during IronExII (1.1 d-1) (Landry, et al., 2000). 
There is recent evidence of Fe stress within phytoplankton in the high latitude North 
Atlantic (Ryan-Keogh, et al., 2013). Our work supports observations that stimulation 
of phytoplankton productivity by ash deposition occurred within the early spring 
bloom, driving near complete depletion of macronutrient stocks (Achterberg et al., 
2013; Nielsdottir, Moore, Sanders, Hinz, & Achterberg, 2009).  
 
5.7. Conclusions 
 
 Our work is the first to quantify microzooplankton rates on a selection of prey 
items in an area of ocean influenced by the deposition of Fe rich volcanic ash. Our data 
suggest Eyjafjallajökull’s eruption had significant local effects upon the microbial 
ecology and C cycling in the North Atlantic. As in both artificial Fe enrichment assays 
and mesoscale experiments, microzooplankton grazing was an important factor in the 
control of enhanced phytoplankton production resulting from natural Fe enrichment 
by ash deposition. Data from Stations sampled two months after the eruption showed 
no notable results similar to that of Stations sampled during the eruption. As such we 
suggest that the effects caused by Eyjafjallajökull’s were short lived. By increasing 
phytoplankton growth and microzooplankton C ingestion, ash deposition appeared 
capable to temporally enhance the efficiency of the biological pump. 
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Section 6 
 
 
 
 
Biogenic particulate trace element cycling by 
microzooplankton grazing in a coastal 
environment 
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6. Introduction 
 
Microzooplankton are major grazers of phytoplankton and bacterioplankton 
in most coastal waters, and provide an important link to higher trophic levels (Calbet 
& Landry, 2004). Potential fates for bacterioplankton and phytoplankton include 
sinking, mixing, viral lysis and grazing (Evans, et al., 2003). While each has its relative 
importance, microzooplankton grazing is largely accepted as a significant force in the 
top down control of microbial communities (Irigoien, et al., 2005). The average 
percentage of primary production removed by microzooplankton grazing in coastal 
and oceanic regions is often in the range of 70% - 80% (Calbet & Landry, 2004). 
 
In coastal waters microzooplankton derive considerable advantage over 
larger, metabolically slower metazoans in their ability to rapidly respond to and exploit 
quick changes in prey availability (Calbet & Landry, 2004; Miller, et al., 1995). Thus, 
microzooplankton play a key role in the biogeochemical cycling of C and 
macronutrients in the coastal environments (Teixeira, Crespo, Nielsen, & Figueiras, 
2012). Given the importance of primary productivity in controlling atmospheric CO2, 
via the biological pump through which CO2 is consumed in surface waters by 
phytoplankton and transported as particulate organic C to deep sea sediments (Field, 
et al., 1998; Sarmiento & LeQuere, 1996), understanding the role of microzooplankton 
grazing in C and nutrient cycling is crucial. 
 
Microbial community structures and cycles are the result of a balance 
between growth and loss processes. While factors such as light, temperature and 
nutrients influence growth and set the upper limit for production, ultimately, loss 
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factors regulate the size of microbial standing stocks in coastal environments and 
therefore particle recycling (Lehman, 1991; Putland, 2000). However little is known 
about the rates at which biogenic particulate trace elements are consumed by 
microzooplankton. As such, the following work is a critical first step in linking 
microzooplankton grazing, microbial community structure and trace element 
dynamics and will help improve understanding of the feedback mechanisms that 
control elemental cycles in the Oceans. 
 
Langstone Harbour is situated on the southern coast of England and consists 
of a 24 km2 tidal inlet of The Solent, part of a flooded river valley estuarine system 
(Velegrakis, Dix, & Collins, 1999). Entrance to the Harbour lies between the south 
eastern point of Portsea Island and south western point of Hayling Island. Average 
depth at high tide is 3 m and the deepest channel into the harbour is maintained at a 
depth of 6 m. Within the Harbour, there is little appreciable change in relief and at low 
tide almost the entire mudflat area is exposed. Exposed mudflats are a result of beach 
and tidal deposits, with underlying solid geology descending from the north, including 
the Portsmouth Chalk Formation, London Clay and Bognor Sand (Kirkham, 2007). 
Langstone Harbour is of national and international importance, as such it is covered 
by 8 conservation designations including, Site of Special Scientific Interest (SSSI), 
Special Protected Area (SPA), Special Area of Conservation (SAC) and Ramsar 
Convention Site.   
 
Here, we applied our modified dilution method in a coastal region expected 
to have high particulate trace element and microbial abundances (Hatje, et al., 2003). 
We aimed to provide measurements of growth and microzooplankton mediated losses 
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of size fractionated bioavailable particulate trace elements. Additionally, we 
determined the impact of microzooplankton grazing on phytoplankton and 
bacterioplankton community structure.   
 
Methodology 
6.1. Sample collection and analysis 
 
Sea water for dilution assays was collected via a trace metal clean OTE Niskin 
bottle from a depth of 2 m from the south western corner of Langstone Harbour (50o 
47’ 47.7” N, 01o 1’ 40.9” W)  on the 3rd July 2012 (Figure 24). Cubicontainers were 
incubated for 48 hours at ambient irradiance and water temperature (16 – 17 oC) in 
outdoor tanks fed by circulated seawater. Vertical profiles of temperature, salinity, 
dissolved oxygen and total dissolved solids were determined using a hand held YSI 
multiparameter system (YSI Incorporated, Ohio, USA). Assays were conducted as 
described in section 2.    
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Results 
6.2. Hydrographic data 
 
The water column appeared relatively uniform. A decrease in temperature 
with depth from 17.02 oC to 16.5 oC coincided with an increase in salinity from 32.4 
PSU to 32.7 PSU. Total dissolved solids had a negligible change with depth with an 
average of 32 g L-1. Waters were well oxygenated with a saturation of 107% and pH 
ranged from 7.52 in the surface 2 m to 8.06 throughout 4 -6 m, reflecting the change 
in salinity (Figure 31). Concentrations of N, P and Si were 26 μM, 0.57 μM and 9.6 μM, 
respectively (Table 44).  
Figure 24. Satellite image of Langstone Harbour. (A) marks sampling station. 
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6.3. Microbial standing stocks 
 
Abundances and standing stocks are summarised in Table 46. Of the protists, 
dinoflagellates (15 μm – 20 µm) were numerically dominant with 5.38 x 105 cells L-1 
representing 87% of the total cell count. Ciliates (~35 μm) represented the remaining 
13%, with 8.14 x 104 cells L-1. Chlorophyll a standing stocks were 1.78 µg L-1 and 
bacterial abundance was 6.43 x 1010 cells L-1. Microscopic analysis of Lugols samples 
revealed the presence of large phytoplankton species Chaetoceros (Figure 32), 
Thalassionema (Figure 33) and Skeletonema (Figure 34). The majority of microbial 
biomass (94%) consisted of bacteria, with the remaining biomass consisting of >0.7 μm 
phytoplankton. Further details of microbial C distribution are summarised in Table 46. 
We compared chlorophyll a concentrations in the niskin bottle and carboys to check 
there was no change from in situ abundances during assay preparation and there was 
no significant difference (t-test, P=>0.24).   
 
6.4. Microzooplankton grazing  
 
Slopes from linear regressions were negative and statistically significant for 
phytoplankton (P = 0.04, r2 = 0.9) and bacteria (Figure 9a, P = 0.04, r2 = 0.8). Growth 
rates were similar between phytoplankton and bacteria at 0.40 ± 0.03 d-1 and 0.63 ± 
0.11 d-1, respectively. However, g of phytoplankton (0.21 ± 0.05 d-1) was a third of that 
of bacteria (0.68 ± 0.20 d-1). Therefore, there was net growth of the phytoplankton 
community (NGR = 0.19 ± 0.06 d-1), whereas the bacterial community experienced a 
net loss (NGR = -0.05 ± 0.23 d-1). Microzooplankton ingested 58% of phytoplankton 
potential production and 29% of the standing stock, whereas 106% of potential 
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bacterial production and 92% of the standing stock were ingested (Table 45).  The 
ingestion of C from bacteria was 1182 μg C L d-1, 45 times greater than the C ingested 
from phytoplankton. 
  
Ingestion of microbial C was dominated by the predation of bacteria opposed 
to phytoplankton. In this study, RPI values for phytoplankton were 0, indicating non 
selective grazing. However, bacteria had a RPI value of 1, suggesting consumption 
proportional to their in situ availability. 
 
6.5. Trace element biogeochemistry  
 
Between 74% and 95% of the total elemental quota (bioavailable + refractory) 
for particles was in the 10 - 200 μm range (Table 47). Particles in the 1 – 10 µm fraction 
contained approximately 14% of the total quota. Whilst 0.2 – 1 µm particles accounted 
for an average of 3% of the total elemental quota. All particles were rich in total Al (14 
nM total of fractions), Fe (4 nM total of fractions) and Mn (31 nM total of fractions). 
Subsequent enrichment was ordered decreasingly Ni>Cu>Pb>Co>Cd. Refractory 
elements comprised on average 73% and 86% of total particle concentrations for 
particles of 1 – 200 µm, compared to 13% - 67% of 0.2 – 1 µm particles.   
 
Of the bioavailable trace elements, the majority (>80%) were associated with 
particles in the 10 -200 μm range, whereas only 0 - 3% were associated with the 
smallest size fraction of 0.2 – 1 µm. The most abundant trace element throughout all 
size fractions was Fe (14 – 470 pM). Fe in the 10 - 200 μm range accounted for 64% of 
the bioavailable quota of trace elements. On the other hand, lowest concentrations 
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were Co on particles 0.2 – 10 μm (0.01 – 0.02 pM) and Cd on particles of 10 – 200 μm 
(0.004 pM).  In situ concentrations of size fractionated bioavailable particulate trace 
elements are summarised in Table 48. 
 
All size fractioned (0.2 – 200 µm) bioavailable data were pooled to give a total 
particulate value for each element. The total bioavailable particulate values for each 
element were treated as prey concentrations and subjected to the same analysis as 
described for phytoplankton and bacteria, with coefficients μ and g determined from 
the specific AGR versus ADF for each element. Al, Ni, Cd and Pb had r2 values of 0.12 – 
0.31 and P values > 0.05 and therefore had no significant µ or g rates.  Significant µ 
(0.31 ± 007 d-1) and g (0.39 ± 0.1 d-1) rates were found for Co, while Mn had a significant 
µ rate of 0.25 ± 0.07 d-1. All other µ and g rates were not statistically significantly 
different from zero (Table 49). 
 
Subsequently, element-specific growth and loss rates were examined for each 
size fraction (Table 50 - Table 52). Although some slopes of AGR versus ADF displayed 
a positive slope, 90% had linear, negative slopes. In general, g rates were more 
variable than µ rates within each size fraction. With the exception of Ni and Cd, all 0.2 
– 1 μm particulate trace elements had g rates greater than their respective growth 
rates, resulting in a negative NGRs. Highest loss rates were for Fe and Cu at -2.02 ± 0.6 
d-1 and -1.23 + 0.7 d-1, respectively. 
 
All 0.2 - 1 μm and 1 – 10 μm particulate trace elements also had negative 
NGRs, with many elements having no significant growth rates (Table 50, Table 51, 
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Figure 25 and Figure 26). Significant g rates were most common in the 1 – 10 µm 
fraction (range = 0.58 - 1.74 d-1). Average g rates in the 1 – 10 µm fraction (1.30 d-1) 
were slightly lower than the 0.2 – 1 μm fraction (2.19 d-1). The 10 – 200 μm particulate 
trace elements generally had the lowest g rates (average = 1.20 d-1), compared to the 
other size fractions and had the highest µ rates (Table 52).   
 
 
Figure 25. Growth (µ), grazing (g) and net growth rates (NGR) of particulate Fe for 0.2 – 1 µm, 1 – 10 µm, 
and 10 – 200 µm particles. Error bars represent the standard error. n/s = not significant. 
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Figure 26. Growth (µ), grazing (g) and net growth rates (NGR) of particulate Cu for 0.2 – 1 µm, 1 – 10 µm 
and 10 – 200 µm particles. Error bars represent the standard error. n/s = not significant. 
 
We applied equation 9 to determine rates of trace element specific losses 
from microzooplankton grazing of biogenic particles (Gifford, 1988; Neuer & Cowles, 
1994). Element-specific rates of microzooplankton losses were calculated by the 
difference in elemental uptake from particles in the absence and presence of 
microzooplankton. Microzooplankton ingestion rates were highest in the 10 – 200 µm 
size fraction (671 pM d-1), representing 87% of the total element ration (773 pM d-1) 
(Table 53). The remaining microzooplankton daily ration comprised of 12% (89 pM d-
1) originating from 1 – 10 μm particles and 2% (13 pM d-1) from 0.2 – 1 μm particles. 
The largest single elemental ingestion rates were for Fe, at 44 pM d-1 – 0.34 nM d-1, 
and were often one to two orders of magnitude higher than ingestion rates of other 
elements (Table 53).   
 
Equations 7 and 8 were adapted to calculate the impact of microzooplankton 
on standing stocks and potential production of particulate trace metals. 
144 
 
Microzooplankton ingested 16 – 277% of standing stocks and a higher proportion 
(112% to 288%), of potential production. With the exception of Ni and Cd, g of 0.2 – 1 
µm particulate elements, ranged 34% to 277%. Expect Mn Co and Ni, elements from 1 
– 10 µm particles had losses ranging from 27% to 146% and losses from 10 – 200 µm 
particles ranged from 16% to 232%. 288% and 134% of potential production of Mn and 
Cu were lost from 0.2 – 1 µm particles. Whilst 190% of Mn potential production and 
258% of Co potential production were lost from 1 – 10 µm particles. The greatest 
number of potential production elements (Al, Fe, Cu, Pb) ranged from 112% to 131% 
in the 10 – 200 µm fraction.    
 
In comparing grazing relative to availability, we applied Equation 11 to assess 
the degree to which a particular element in each size fraction was preferentially 
grazed. There were variable preferences for elements across the size fractions (Figure 
27). Apart from Cu, 0.2 – 1 µm particles had RPI vales of zero for all other elements 
indicating avoidance. Whereas 1 -10 µm particles had a value of 1 for Mn, Co, Cd and 
Pb. While 10 – 200 µm particles had slightly lower values of 0.96, 0.86, 0.80 for Al, Fe 
and Cu respectively, As such, there was no evidence for preferential grazing of 
particles with higher trace element concentrations by microzooplankton but there 
appears to be an avoidance of trace elements from 0.2 – 1 µm particles.   
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Figure 27. Microzooplankton grazing relative preference index for size fractionated biogenic particulate 
trace elements. 
 
 
 
Discussion 
6.6. Microzooplankton grazing 
 
The relatively high macronutrient concentrations, bacteria and phytoplankton 
abundances in Langstone Harbour (Table 44 and Table 46) compare well with other 
analogous coastal environments where microzooplankton grazing experiments have 
been conducted (Chen, et al., 2009; Dupuy, et al., 2011; Grattepanche, Vincent, 
Breton, & Christaki, 2011; Gutiérrez-Rodríguez et al., 2011; Leising, Horner, Pierson, 
Postel, & Halsband-Lenk, 2005; Yang, Choi, & Hyun, 2008). The phytoplankton growth 
rate measured in Langstone Harbour of 0.40 ± 0.03 d-1 was just below the average of 
0.67 ± 0.05 d-1 reported in a review of coastal areas by Calbert and Landry (2004). In 
comparison, the loss rate of phytoplankton of 0.21 ± 0.05 d-1 measured in this study is 
at the lower end of the range (0.40 ± 0.04 d-1) reported by Calbert and Landry (2004), 
possibly due to the grazing on bacteria observed in Langstone Harbour (Table 45). The 
low microzooplankton grazing rates observed in this study are similar to those seen in 
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other coastal regions that also contained large, chain forming phytoplankton such as 
Chaetoceros, Thalassionema and Skeletonema (Chen, et al., 2009; Leising, et al., 2005; 
Yang, et al., 2008)  (Figure 32, Figure 33 and Figure 34). Microzooplankton will graze 
on large chain forming phytoplankton (Schnepf, et al., 1988), but may preferentially 
graze smaller prey, such as bacteria in this study, depending on availability (Burkill, et 
al., 1987). The grazing pressure on phytoplankton potential production in Langstone 
Harbour (%Pp = 58%) and the standing stocks ingested (%Ps = 29%) are congruent with 
those reported in Halifax Harbour (%Pp = 47%, %Ps = 38%) (Gifford, 1988).   
 
Rates of growth and grazing of bacterioplankton were also similar to the range 
of values reported in previous studies with analogous seasonal and temperature data, 
such as Logy Bay (Putland, 2000), where growth was 0.85 ± 0.09 d-1 compared to 0.63 
± 0.11 d-1 in Langstone Harbour and grazing was 0.64 ± 0.15 d-1 compared to our rate 
of 0.68 ± 0.20 d-1. Additionally, comparable environments such as Long Island Sound 
(Fuhrman & McManus, 1984), where potential bacterial production ingested was 
100% was in close agreement with the 106% ingested in Langstone Harbour. 
Microzooplankton preyed on bacteria in proportion to their abundance, consuming 
106% of daily potential production and 92% of standing stocks, as such 
microzooplankton exerted a strong top down control on the bacterioplankton 
community (Table 45).    
 
6.7. Trace element biogeochemistry 
 
The distribution of elements across size fractions demonstrates the 
abundance of lithogenic particles derived from riverine and upwelled sources. On 
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average, 76% of the total elemental quota of 0.2 – 200 µm particles was refractory 
(Table 47). On the other hand, bioavailable elements averaged just 1 - 23% of the total 
(Table 48). This is further confirmed as the refractory Al:Fe ratio of  1:4 is identical to 
that of the crustal average (S. R. Taylor, 1989). Mn and Cd show slightly different 
profiles than the other trace elements mentioned previously, which warrant further 
investigation. Mn although third highest in concentration after Al and  Fe, has the 
lowest refractory concentration in 1 – 200 µm particles, coincidently with the highest 
% of bioavailable in 1 – 10 µm particles and 2nd highest in 10 -200 µm particles. 
Particulate Mn concentrations of 0.031 nM are congruent with concentrations of 
oceanic Mn reported by Sunda and Huntsman (1988) of 0.034 ± 0.012 nM. The 
observed fractionation of increased bioavailable and lowered refractory 
concentrations appears to be partially maintained by the slow oxidation kinetics of 
Mn2+ (Nico, Anastasio, & Zasoski, 2002). In practice, particulate Mn gradually becomes 
a source of dissolved Mn via photochemical reduction, which is subsequently drawn 
to particles into the bioavailable particulate phase via oxidation, biological 
incorporation or adsorption (Sunda & Huntsman, 1988, 1990). Upwards of 95% of 
particulate Cd was found in 10 - 200 µm particles, and the highest percentages (74 – 
95%) of all bioavailable elements were also in this fraction. We have no data for Zn but 
considering the abundance of large diatoms within this size range and physiological 
importance of Cd to diatoms (Lane & Morel, 2000; J. G. Lee, Roberts, & Morel, 1995), 
our data suggest Cd was biologically incorporated into diatom metalloenzymes such 
as Cd-carbonic anhydrase (Xu, Feng, Jeffrey, Shi, & Morel, 2008), where it becomes 
available for predation by microzooplankton. In diatoms and cyanobacteria it has been 
shown that an obligate requirement exists for Co, Cu and Ni (Dupont, Buck, Palenik, & 
Barbeau, 2010; Morel et al., 1994; Twining et al., 2011). Carbonic anhydrase (Bertini & 
Luchinat, 1983), plastocyanin (Daugherty, Wasowicz, Gibney, & DeRose, 2002), and 
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urease (Rees & Bekheet, 1982) appear to be the most common biological fates of Co, 
Cu and Ni within our particulate prey items. We suggest that in line with Shulz-Baldes 
and Lewin (1976) that Pb was quickly attracted to particles where later it penetrated 
into the cell (Figure 27). Pb uptake at the microbial level is of ecological and 
toxicological importance due to bioaccumulation (Slaveykova & Wilkinson, 2002).  
 
A divergence was seen between the preferences of microzooplankton for 
bacteria (RPI = 1), and 0.2 - 1 µm particles (average RPI = 0.003) (Table 45 and Table 
51). The initial choice of filter pore sizes assumed that bacteria-size particles would 
pass through the 1 µm filter and be collected on the 0.2 µm filter. However, we 
suspected that the observed divergence could be due to coastal bacteria being larger 
than 1 µm. We tested this theory a posteriori using our acridine orange stained 
bacterial samples via image capture through a 12-bit mono closed circuit camera 
(QImaging, British Columbia, Canada). Subsequent analysis was achieved using a 
custom designed programme in Image-Pro Plus (Media Cybernetics Inc. 
Massachusetts, USA) (J. S. Francisco, Moraes, & Dias, 2004). The geometric mean 
bacterial diameter was 0.7 ± 0.02 µm (range 0.2 – 2 µm), length 1 ± 0.01 µm (range 0.3 
- 3 µm) and width 0.6 ± 0.01 µm (range 0.2 - 2 µm). Additionally, 25% of bacteria were 
rod shaped (aspect ratio > 2). Taking this into account, we are confident that the 
microzooplankton preference for preying on bacteria is mirrored by their preference 
for 1 – 10 µm particles, which contained bacteria and bacterial aggregates too large to 
pass through 1 µm filter pores (Linley & Field, 1982). 
 
Our results suggest that although microzooplankton preyed upon 1 - 10 µm 
particles and bacteria rich in C, Co, Mn, Cd and Pb, they obtained the majority of their 
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daily Al, Cu and Fe ration from larger 10 - 200 µm particles (Caron et al., 1995) (Figure 
27 and Table 48). Analysis of the elemental composition of phytoplankton, including 
both intracellular and absorbed phases has revealed Al and Fe to occur fourth and fifth 
in highest concentration after P, Ca and Si (Bruland, Donat, & Hutchins, 1991; Ho, et 
al., 2007). Martin and Knauer (1973) found Al and Fe concentrations of 1.2 ± 0.7 and 
1.3 ± 1.7 µM g-1 dry weight in their diatom samples, which was 1 – 3 orders of 
magnitude higher than that of Mn, Cu, and Cd.  Martin and Knauer’s pattern was 
reflected in our data where bioavailable Al and Fe in 10 – 200 µm particles was 1 – 3 
orders of magnitude higher than that of Mn, Cu, and Cd. An additional possibility for 
these high biogenic particulate Fe concentrations is that large coastal phytoplankton 
can store Fe 20 – 30 times in excess of concentrations needed to meet immediate 
metabolic needs (Hudson & Morel, 1990; Sunda & Huntsman, 1995b). Combining this 
chemical analysis with the presence of large diatom species revealed by microscopic 
analysis (Figure 32, Figure 33 and Figure 34), we are confident the large 
microzooplankton mediated losses of 333.41 pM d-1 Al and 336.61 pM d-1 Fe from 10 
- 200 µm particles was concomitant to the chlorophyll a grazing of 0.2 ± 0.04 d-1 and 
due to the predation of large diatoms, that had either directly incorporated or 
indirectly adsorbed Al and Fe from the dissolved phase.  
 
Direct comparison with previous studies on the effects of microzooplankton 
on trace elements biogeochemistry is difficult because previous work has often used 
cultured model microbial systems and radiotracers (Twiss & Campbell, 1995). Be that 
as it may, current interest in Fe biogeochemistry has resulted in some published data 
sets for Fe uptake rates of size fractionated plankton communities that can be 
compared to our size fractionated Fe growth rates (Schmidt & Hutchins, 1999). Iron 
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uptake rates from a selection of locations (coastal to off shore transect) by Schmidt & 
Hutchins (1999) bracket and support our data. When calculated, our combined (0.2 – 
200 µm particles) increase in Fe was 9.65 ± 3.98 pM hr-1, whilst the average of a coastal 
to offshore transect (particles >0.2 µm) agrees well at 8.56 ± 2.05 pM hr-1. In 
comparison to Schmidt & Hutchin’s (1999) coastal data, our rate is approximately 11 
pM hr-1 less (Table 53), which was attributed to large phytoplankton at their study site 
having an exceptionally high cellular Fe storage ability. Phytoplankton at our site in 
comparison would not require the ability to store exceptional quantities of Fe in excess 
of requirement, as Fe concentrations in Langstone Harbour are unlikely to limit 
growth.  
 
Many studies have highlighted the importance of grazing as a mechanism for 
regeneration and re-partitioning of trace elements (Barbeau, Kujawinski, et al., 2001). 
Here we cannot accurately account for the fate of lost trace elements from biogenic 
particles. Nonetheless, the literature would suggest after 48 hours, a majority of 
biogenic trace elements could be remineralised to the dissolved phase (Barbeau, 
Kujawinski, et al., 2001; Dalbec & Twining, 2009; Hutchins & Bruland, 1994; Twiss & 
Campbell, 1995; Twiss, et al., 1996). The high particulate trace element ingestion rates 
(Table 53) and subsequent high percentages of standing stocks and potential 
production grazed by microzooplankton (Table 54) suggest the majority of particulate 
trace elements are remineralised to the dissolved phase. The implications of this 
remineralisation include increasing the residence time of elements in the upper water 
column, augmented with a change in elemental speciation and therefore 
bioavailability. It appears that in Langstone Harbour at this time, microzooplankton 
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were not selecting cells with high trace element concentrations, as one might expect 
in regions where these elements might be limiting (Figure 27). 
 
6.8. Conclusions 
 
Our modifications to the present classic dilution method provide a new 
analytical tool to simultaneously measure microzooplankton grazing impacts on 
bacteria and phytoplankton, as well as size fractionated biogenic particulate trace 
elements. This is the first study to include size fractionated biogenic particulate trace 
elements as prey items. Microzooplankton played an important role in the top down 
control of bacterioplankton and cycling of C through the microbial food web in 
Langstone Harbour. The size fraction (1 – 10 µm) that included bacteria provided the 
majority daily ration of C, Mn, Co, Cd and Pb to microzooplankton. Ingestion of 
particles analogous to phytoplankton (10 – 200 µm)  containing the highest Al and Fe 
concentrations contributed a ration in the range of one order of magnitude over that 
of trace elements originating from 1 - 10 µm particles. Our results suggest 
microzooplankton grazing is an important process in the biogeochemistry of trace 
elements in the ocean. While it is unlikely that remineralisation of trace elements 
affected the growth of phytoplankton or bacteria in Langstone Harbour to a significant 
degree, due to the high ambient concentrations, the process may be much more 
important in other trace element limited regions.   
 
  
152 
 
Section 7 
 
 
 
 
General discussion and conclusions 
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7. Synopsis of previous chapters 
 
 The goal of this thesis was to quantify the role of microzooplankton grazing in 
trace element biogeochemistry. After putting our work in a historical context, the gaps 
in current research were introduced (Section 1). Next we described our novel 
methodological approach developed to allow simultaneous measurements of 
microzooplankton grazing impacts on bacterioplankton and phytoplankton, as well as 
size fractionated biogenic particulate trace elements (Section 2). This methodology 
was then applied in Arctic (Section 3), HNLC Open Ocean (Section 4) and coastal 
regions (Section 6). Serendipitously we also collected the first data from dilution 
assays conducted in regions influenced by volcanic ash deposition (Section 5). This is 
the first study to include size fractionated biogenic particulate trace elements, and 
quantify microzooplankton grazing as an important process in the biogeochemistry of 
trace elements in the ocean. As such the following chapter will identify the main 
findings of our work (Section 7.1 – 7.2) and discuss directions for further research 
(Section 7.3). 
 
7.1. Thesis objectives 
 
The objectives of this thesis as stated in section 1.9 are repeated again below in 
italics. Each objective is responded to in turn: 
 
1. Develop an adapted dilution assay method, which is both trace element clean 
and suitable for the study of particulate trace element biogeochemistry.  
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In Section 2 we present a modified dilution assay methodology which is then 
applied in a variety of different regions (Section 3 - 6). Results from assay 
locations were significant and agreed well with published work of a similar 
nature. We did not see evidence of toxic effects (Section 4) or trace element 
contamination (Section 2) during assays. 
 
2. Develop a method for the quantitative chemical analysis of size fractionated 
biogenic particulate trace elements. 
 
Our novel method has associated blanks comparable to other published trace 
element values and is both accurate and precise for Al, Mn, Fe, Co, Ni, Cu, Cd 
and Pb (Section 2). Levels of detection are appropriate for coastal and open 
ocean applications, providing appropriate volumes for filtering are obtained 
(Section 3). Errors associated with assays are within the range reported for 
other published classic dilution assays (Section 2).  
 
3. Assess whether microzooplankton selectively graze trace element rich bacteria 
and phytoplankton, relative to total prey. 
 
Our results do not show preferential grazing on trace element rich bacteria or 
phytoplankton relative to total prey. Relative preference indices indicate prey 
items were grazing in proportion to their in situ abundances (Section 4 and 6). 
Slight changes in relative preferences indices are seen during Fe enrichment 
as microzooplankton prey upon newly stimulated prey growth opposed to 
original background prey items (Section 4).  
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4. Determine the impact of microzooplankton grazing on phytoplankton and 
bacterioplankton biomass. 
 
The impact of microzooplankton grazing at all sampling locations had a 
significant effect on shaping the microbial community. In the Arctic (Section 
3) microzooplankton were capable of reducing nanophytoplankton biomass at 
all sampling stations. Microzooplankton were however not playing a 
substantial role in the regulation of bacterioplankton or picophytoplankton.  
In the Atlantic microzooplankton grazing pressure was not a significant control 
of phytoplankton or bacterioplankton during May. However, in July and 
August the grazing impact was large on bacterioplankton. Grazing did not 
control phytoplankton biomass to a large extent for the majority of Atlantic 
sampling stations (Section 4). Ash deposition in the Atlantic during the 
eruption of Eyjafjallajökull caused short term perturbations in phytoplankton 
and bacterioplankton communities. Microzooplankton grazing was an 
important factor in the control of enhanced phytoplankton production 
resulting from both natural Fe enrichment by ash deposition and during Fe 
enrichment assays. In Langstone harbour microzooplankton played an 
important role in the top down of bacteria but not upon phytoplankton 
biomass. 
 
In section 1.8 we presented a diagram (Figure 7) of the current understanding 
of biogenic particulate trace element cycling by microzooplankton grazing. Red arrows 
represented currently unknown, but possible transfer mechanisms eluded to in prior 
research. We are now able to quantify these rates of trace element transfer from 
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natural communities. As an example, Figure 28 now shows the red arrows updated 
with our research, for Fe in a coastal environmental (Section 6). Whilst Figure 29 
displays the previous red arrows updated with our research, as an example for Fe in 
an open ocean environmental (Section 4). 
  
 
 
 
Figure 28. Diagrammatic representation of the current understanding of trophic interactions within the 
microbial food web. Solid arrows represent trophic pathways and dotted arrows represent regenerative 
C pathways.  Red arrows represent our newly quantified rates of trace element transfer. Data is for Fe 
from a coastal environment.    
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Figure 29. Diagrammatic representation of the current understanding of trophic interactions within the 
microbial food web. Solid arrows represent trophic pathways and dotted arrows represent regenerative 
C pathways.  Red arrows represent our newly quantified rates of trace element transfer. Data is for Fe 
from an open ocean environment (Station 4, North Atlantic).    
 
 
 
7.2. Overall conclusions  
 
Our study was methodologically most successful in a coastal region with high 
particulate trace element and microbial concentrations (Section 6).  In Langstone 
Harbour, the microzooplankton community, dominated by dinoflagellates, played an 
important role in the top down control of bacterioplankton and the particulate trace 
element size fraction containing bacteria (1 – 10 µm). From inclusion of biogenic 
particulate trace elements as prey items in the dilution assay it appears that bacteria-
sized particles provided the majority daily ration of C, Mn, Co, Cd and Pb to 
microzooplankton, whereas consumption of particles analogous to phytoplankton (10 
– 200 µm) provided the majority daily ration of Al and Fe. We cannot accurately 
determine the fate of trace elements ingested by microzooplankton, nonetheless the 
literature would suggest a majority would be remineralised to the dissolved phase. 
While it is unlikely that remineralisation of trace elements significantly affected the 
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growth of phytoplankton or bacteria in Langstone Harbour, the process will increase 
residence times in the upper water column and elemental speciation.  
 
We conducted modified dilutions assays in a HNLC region of the North Atlantic 
hypothesised to be seasonally Fe limited (Section 4). These ecosystems are dominated 
by small phytoplankton and bacteria which are ineffectively, or unable to be captured 
by mesozooplankton. Microzooplankton exerted a strong top down control on 
bacterioplankton biomass in the high latitude North Atlantic. Microzooplankton 
responded rapidly to changes in phytoplankton and bacteria due to Fe enrichment, 
and as in Langstone Harbour (Section 6), played an important role in the 
biogeochemistry of biogenic particulate trace elements.  It appears the rate at which 
trace elements were cycled by microzooplankton grazing was directly proportional to 
in situ prey availability and was capable of changing rapidly with microbial community 
composition. Our Fe enrichment assays support the hypothesis that the North Atlantic 
is seasonally Fe limited. While it is unlikely that remineralisation of particulate trace 
elements by microzooplankton grazing affected the growth of phytoplankton or 
bacteria in Langstone Harbour to a significant degree, due to the high ambient 
concentrations, the process may be much more important in the North Atlantic.  
Microzooplankton grazing has the capability to reduce the pressure of HNLC 
conditions at the microbial level by increasing the residence times of trace elements 
though remineralisation in the upper ocean.  
 
Additionally, ash deposition from the eruption of Eyjafjallajökull caused 
perturbations in microbial ecology of the North Atlantic (Section 5), analogous to 
mesoscale Fe enrichment experiments (Section 4). Dinoflagellates dominated the 
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microzooplankton and exerted a significant top down control upon phytoplankton 
biomass stimulated by the natural Fe enrichment from ash. The effects of the volcano 
upon microbial ecology and C transfer appear to be limited in a time scale of months 
after the perturbation.  
 
The Arctic Ocean is a region of rapid change, and our study represented key 
temporal and spatial data on the cycling of C though the microbial web. We found 
microzooplankton obtained the majority of their nutrition from nanophytoplankton 
and were capable of reducing nanophytoplankton biomass at all sampling locations. 
Combining predicted environmental changes with findings from our study supports 
the notion that climate change may have a significant effect on microbial dynamics, 
with benefit to heterotrophic bacterioplankton.  
 
 Our studies ranged from coastal to open ocean regions, nonetheless 
microzooplankton displayed a significant impact on the flow of C and trace elements 
within the microbial web in all experiments. We provide evidence from natural 
communities that suggest microzooplankton grazing should not only be considered a 
significant source of mortality for phytoplankton and bacterioplankton biomass, but 
as a fundamental and integral part of the biogeochemical cycle for trace elements in 
the upper ocean. Our results provide important new parameterizations of trace 
element cycling that until now had been hypothesised but not observed. These data 
will allow us to better constrain biogeochemical models and those predicting the 
ocean’s response to climate change and geoengineering. Likewise, the temporal and 
spatial nature of our data may allow the elucidation of inherent interannual and 
annual variability to enduring change at our study locations.  
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7.3. Future work 
 
The modified dilution assay used in this study has allowed, for the first time, 
the simultaneous measurement of the growth and loss rates of bacterioplankton, 
phytoplankton and size fractionated biogenic particulate trace elements and shown 
the importance of microzooplankton grazing in trace element biogeochemistry in both 
coastal and open ocean regions. Thus, it is vital that biogeochemical models include 
accurate parameterization of microzooplankton-mediated trace element 
biogeochemistry. When one considers that on a global scale, microzooplankton 
grazing of phytoplankton was 31.3 Gt C year-1 the importance of further work in 
microzooplankton mediated biogeochemistry is clear (Schmoker, Hernández-León, & 
Calbet, 2013). This study has provided important microzooplankton grazing data for 
some rarely sampled regions of the North Atlantic and Arctic Oceans, however there 
remains a lack of data for very extensive areas of the open ocean, with most studies 
being conducted in coastal regions (Schmoker, et al., 2013). Similarly, previous studies 
have almost exclusively sampled one depth at a location, whilst travelling a transect. 
Considering the vertical distributions of microbial communities (Partensky, Blanchot, 
Lantoine, Neveux, & Marie, 1996; Rodriguez et al., 2001) and the variability of the 
mixed layer in many regions, it would seem prudent to investigate depth profiles of 
microzooplankton grazing. The wider use of the modified dilution assay developed 
here, particularly in open ocean regions and at different depths, would greatly 
improve our knowledge of the cycling and fate of trace elements in the upper ocean 
and provide important information for the parameterisation of biogeochemical and 
climate models (Hoffmann, Breitbarth, Boyd, & Hunter, 2012; Lenton, 2000; A. Obata 
& Kitamura, 2003; Shaffer, et al., 2008).  Additional data of interest to modellers 
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includes the rates of phytoplankton and bacterioplankton gross growth, grazing and 
net growth; the distribution of microbial C and ingestion of C by microzooplankton 
(Halvorsen, et al., 2001).  
 
While our study focused on bulk chlorophyll a and bacteria, further details of 
the role microzooplankton play in shaping prey community structure and particulate 
trace element biogeochemistry may be elucidated with the use of high performance 
liquid chromatography for a pigment based approach (Tester, et al., 1995), or DNA-
based methods to assess changes in community composition. In addition to bacterial 
counts, measurements of metabolic activity may be useful to distinguish between 
active cells and dormant ones (Zimmermann, Iturriaga, & Beckerbirck, 1978). To 
further elucidate how trace elements are stored on biogenic particles the use of a 
oxalate or Ti(III) citrate/EDTA wash can allow differentiation between surface 
scavenged and interior fractions (Hudson & Morel, 1989; Tovar-Sanchez et al., 2003). 
Additionally, dissolved trace elements could be easily collected (filtrate) during our 
methodology. Inclusion of dissolved trace elements would allow determination of 
mass balances in the system and calculation of residence times.   
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Appendix A 
 
 
 
 
 
 
 
 
 
Table 3. Trace element ICP-MS analysis, process blanks and recovery of certified reference material. 
Table 4. Leaching analysis of certified reference material BCR-414. 
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Appendix B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5. Sampling station summary for experiments conducted in this Beaufort Sea. 
Table 6. Macronutrient data from sampling locations. 
Table 7. Microbial standing stocks at assay locations. 
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Table 8. Biomass of bacteria, picophytoplankton and nanophytoplankton C at sampling locations. 
Table 9. Rates of µ, g, NGR and microzooplankton grazing impact from assays. 
Table 10. Comparison of bacterioplankton in this study and those for 
other Arctic regions. 
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Table 11. Comparison of phytoplankton µ and g in this study and those for other Arctic and 
general oceanographic regions. 
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Appendix C 
 
 
 
 
 
 
 
 
 
 
Table 12. Atlantic sampling station dates, locations and depths. 
Table 13. Initial temperature and nutrient conditions at sampling stations. 
Table 14. Initial microbial conditions at sampling stations. 
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Table 15. Distribution of phytoplankton and bacterial C at sampling 
stations. 
Table 16. Rates of µ, g, NGR and microzooplankton grazing impact at sampling stations. 
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Table 17. Rates of µ, g, NGR and microzooplankton grazing impact after Fe enrichment. 
Table 18. 0.2 - 1 µm biogenic particulate trace element concentrations at sampling stations. 
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Table 19. 1 - 10 µm biogenic particulate trace element concentrations at sampling stations. 
Table 20. 10 - 200 µm biogenic particulate trace element concentrations at sampling stations. 
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Table 21. Station 1 regression analysis results from unamended assays. 
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Table 22. Station 1 regression analysis results from Fe enrichment assays. 
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Table 23. Station 3 regression analysis results from unamended assays. 
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Table 24. Station 3 regression analysis results from Fe enrichment assays. 
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Table 25. Station 4 regression analysis results from unamended assays. 
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Table 26. Station 4 regression analysis results from Fe enrichment assays. 
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Table 27. Station 5 regression analysis results from unamended assays. 
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Table 28. Station 5 regression analysis results from Fe enrichment assays. 
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Table 29. Station 6 regression analysis results from unamended assays. 
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Table 30. Station 6 regression analysis results from Fe enrichment assays. 
180 
 
  
Table 31. Station 1.  Microzooplankton grazing impact in unamended and Fe enriched 
assays. 
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Table 32. Station 3.  Microzooplankton grazing impact in unamended and Fe enriched 
assays. 
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Table 33. Station 4.  Microzooplankton grazing impact in unamended and Fe enriched 
assays. 
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Table 34. Station 5.  Microzooplankton grazing impact in unamended and Fe enriched 
assays. 
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Table 35. Station 6.  Microzooplankton grazing impact in unamended and Fe enriched 
assays. 
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Table 38. Station 6 microzooplankton ingestion rates (fM d-1). 
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Appendix D 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 39. Ash influenced sampling stations dates, locations and details. 
Table 40. Initial temperature and nutrient conditions at ash 
influenced stations. 
Table 41. Initial microbial standing stocks at ash influenced 
stations. 
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Table 42. Distribution of phytoplankton and bacterial C at 
sampling stations. 
Table 43. Rates of µ, g, NGR and microzooplankton grazing impact at sampling stations. 
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Figure 30. Size frequency of volcanic ash as determined from a settling 
column profile. 
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Appendix E 
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Figure 32. Chaetoceros sp. from sampling station. Width of photo is 
approximately 90 µm. 
Figure 33. Thalassionema sp. from sampling station. Width of photo 
is approximately 90 µm. 
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Figure 34. Skeletonema sp. from sampling station. Width of photo is 
approximately 90 µm. 
Table 44. Sampling station location details and macronutrient standing stocks. 
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Table 46. Microbial standing stocks at sampling station. 
Table 45. Rates of µ, g, NGR and microzooplankton grazing impact. 
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Table 47. In situ total (bioavailable + refractory) size fractionated trace 
elements and combined total (pM) at sampling station. 
Table 48. In situ size fractionated bioavailable elements (pM) at sampling 
station. 
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Table 49. Pooled size fraction regression analysis results from assays. 
Table 50. 0.2 - 1 µm trace element regression analysis results from assays. 
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Table 51. 1 - 10 µm trace element regression analysis results from assays. 
Table 52. 10 - 200 µm trace element regression analysis results from assays. 
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Table 53. Particulate trace element ingestion rates (pM d-1) 
from assays. 
Table 54. Microzooplankton grazing impact on biogenic particulate trace elements (% ingested d-1) 
during assays. 
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